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Summary
Recently, there has been a growing drive towards the bottom-up development of
synthetic cells that mimic key cellular features. A cellular feature ubiquitous amongst
cells is that of compartmentalisation. Compartmentalisation enables the spatiotemporal
control of biochemical reactions and is thus vital for the development of synthetic
cells. To date, most synthetic cell models have utilised classical membrane bound
containers as model compartments. However, recent advances in cell biology have
highlighted the importance of membraneless compartments formed via liquid-liquid
phase separation (LLPS) as organisation centres. It has been suggested that these
organelles play a critical role in regulating cell biochemistry, yet very little is known
about their interactions with enzymatic reactions.
Thus, aiming to develop novel synthetic capabilities, the work presented in this thesis
designs and characterises synthetic cells which include features of membraneless
compartmentalisation. These systems utilise complex coacervates, a specific type of
LLPS that is driven by the electrostatic attraction of oppositely charged polymers,
as model membraneless compartments. These low complexity systems subsequently
provide ideal platforms for systematic investigations of the interaction of membraneless
coacervate compartments with enzymatic reactions.
In Chapter 3 and 4, I focus on developing a responsive synthetic cell system that
recapitulates features of membrane-bound and membraneless compartmentalisation. I
generate a pH-responsive system by exploiting the intrinsic pKa of cationic polylysine
to trigger coacervation within a liposome. This synthetic cell is then functionalised
with the enzyme formate dehydrogenase (FDH). I show that coacervate properties
can be utilized to locally concentrate and activate the FDH reaction at low enzyme
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concentrations, thus demonstrating that membraneless compartments can activate
reactions via sequestration into coacervate reaction centres.
In Chapter 5, I then proceed to characterise whether the diffusive exchange of molecules
across a droplet phase boundary effects enzyme dynamics. Synthetic cells constructed
from emulsion droplets with coacervate sub-compartments were used as model systems
with diffusive exchange, while bulk coacervate and supernatant phases were used
as uncoupled model systems without exchange. I studied the FDH reaction in both
models and I conclude that coupling of the phases increases reaction rates compared
to an uncoupled system. When coupled, the supernatant acts as a ’sink’ removing the
product NADH from the coacervate droplets. This increases the apparent reaction
rate in the supernatant, while the reduction of NADH concentration in the coacervate
reduces product inhibition. This demonstrated that the open phase boundary tightly
couples membraneless droplets to their surroundings, which can ultimately lead to
increased reaction rates both inside and outside the compartments.
Finally in Chapter 6, I scrutinize enzyme kinetics of the enzymes FDH and β -galactosidase
in the unique coacervate physicochemical environment using Michaelis-Menten assays
in CM-Dex/PDDA bulk phase. Results show that the KM and Vmax of FDH significantly
increased compared to buffer, while those of β -galactosidase do not. I hypothesise that
the negatively charged formate substrate of the FDH reaction interacts strongly with
the positively charged PDDA, decreasing its affinity for the enzyme. Furthermore, I
suggest that the coacervate environment facilitates the rate limiting hydride transfer of
the reaction, thereby increasing the maximum rate. This data demonstrates that the
coacervate environment itself can tune and control enzyme dynamics.
In conclusion, my work establishes responsive, tunable and enzymatically active syn-
thetic cellular systems with features of membraneless compartmentalisation. My results
indicate that membraneless compartments can have significant impact on the dynamics
of enzymatic reactions, opening up possible ways to control reaction rates in synthetic
systems and suggesting plausible functions for membraneless organelles in vivo. Overall,
I demonstrate that rationally designed synthetic cells provide biomimetic experimental
platforms that offer insights into the influence of membraneless compartmentalisation
on enzymatic reactions. Parts of the presented work have been published as two first
author publications in peer-reviewed journals.
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Zusammenfassung
"‘Bottom-up"’ Modelle synthetischer Zellen, die Schlüsselmerkmale zellbasierten Lebens
imitieren, rücken immer mehr in den Fokus. Von zentraler Bedeutung ist hier die
Kompartmentbildung. Sie erst ermöglicht die räumliche und zeitliche Kontrolle bio-
chemischer Abläufe und ist daher entscheidend bei der Entwicklung synthetischer
Zellen. Bisher wurden in der Mehrzahl der synthetischen Zellmodelle klassische,
membrangebundene Reaktionsräume als Modellkompartimente verwendet. Jüngste
Fortschritte in der Zellbiologie belegen jedoch die Bedeutung von membranlosen Kom-
partimenten, die durch Flüssig-Flüssig-Phasentrennung (LLPS) gebildet werden. Es
wird angenommen, dass diese membranlosen Kompartimente eine zentrale Rolle bei
der Regulierung der Zellchemie spielen. Jedoch ist bisher nur sehr wenig über ihren
Einfluss auf enzymatische Reaktionen bekannt und experimentell belegt.
Mit dem Ziel, die Bandbreite und das Verständnis synthetischer Modelle zu erweitern,
wurden in dieser Arbeit neue Methoden entwickelt und dargestellt, die membranlose
Kompartmentbildung benutzen. Es wurden hierfür komplexe Koazervate eingesetzt,
eine spezielle Art der LLPS, welche durch die elektrostatische Anziehung von entge-
gengesetzt geladenen Polymeren angetrieben wird. Diese verhältnismäßig einfachen
Systeme bieten eine ideale Plattform für systematische Untersuchungen des Einflusses
von membranlosen Koazervatkompartimenten auf enzymatische Reaktionen.
In den Kapiteln 3 und 4 konzentrierte ich mich auf die Entwicklung eines reaktionsfähi-
gen synthetischen Modellsystems, das die Phänomene sowohl membrangebundener als
auch membranfreier Kompartmentbildung vereint. Zur Steuerung der Koazervierung
innerhalb von Liposomen wurde ein pH-reaktives System verwendet, welches sich
den intrinsischen pKa von kationischen Polylysin zunutze macht. Diese synthetis-
che Zelle wurde im folgenden Schritt mit dem Enzym Formiat-Dehydrogenase (FDH)
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funktionalisiert. Ich konnte damit zeigen, dass es die Eigenschaften von Koazervaten
ermöglichen, die FDH-Reaktion bei global sehr niedrigen Enzymkonzentrationen zu
aktivieren. Hierbei wirken die membranlosen Koazervate in Folge einer lokal er-
höhten Enzymkonzentration als Zentren gesteigerter Reaktivität. Dies geschieht durch
die lokale Konzentrationserhöhung in Koazervaten, was bei LLPS auch durch den
Verteilungskoeffizient beschrieben wird. Mit anderen Worten agieren diese membran-
losen Kompartimente durch Sequestrierung als Reaktionszentren.
Im Kapitel 5 charakterisierte ich den Einfluss von diffusivem Molekülaustausch auf
die Enzymkinetik über die Koazervat-Phasengrenze hinweg. Hierbei wurden zwei
Systeme miteinander verglichen. Einerseits wurde ein synthetisches Zellmodell, beste-
hend aus mikrofluidisch hergestellten Wasser-in-Öl Emulsionstropfen, die Koazervate
enthalten, als Modellsystem mit diffusivem Austausch zwischen den Phasen verwendet.
Andererseits wurden separate, reine Koazervatphasen und reine Überstandsphasen
als Modellsysteme ohne Austausch verwendet. Ich habe die FDH-Reaktion in beiden
Modellsystemen untersucht und kam zu dem Schluss, dass die Kopplung der Phasen
die Reaktionsgeschwindigkeiten im Vergleich zu den ungekoppelten Systemen erhöht.
Bei der Kopplung wirkt die Überstandsphase als Senke, die das Produkt NADH aus
den Koazervaten aufnimmt. Dies erhöht die scheinbare Reaktionsgeschwindigkeit
im Überstand, während die Verringerung der NADH-Konzentration im Koazervat die
Produkthemmung verringert. Dies zeigt, dass die offene Phasengrenze membranloser
Kompartimente eng mit ihrer Umgebung gekoppelt ist, was als erhöhte Reaktionsraten
sowohl innerhalb als auch außerhalb der Kompartimente gemessen werden kann.
Schließlich untersuchte ich in Kapitel 6 die Enzymkinetik der Enzyme FDH und β-
Galaktosidase in der physikalisch-chemischen Umgebung des Koazervats. Mit Hilfe von
Michaelis-Menten-Experimenten in der CM-Dextran/PDDA-Bulkphase konnte gezeigt
werden, dass KM und Vmax von FDH im Vergleich zum Überstand signifikant erhöht
sind, wohingegen jene von β-Galaktosidase ein solches Verhalten nicht zeigen. Das
führte mich zu der Hypothese, dass das negativ geladene Formiatsubstrat der FDH-
Reaktion stark mit dem positiv geladenen PDDA interagiert, wodurch seine Affinität
für das Enzym abnimmt. Darüber hinaus wird der ratenbegrenzende Hydridtransfer in
der Umgebung des Koazervats erleichtert und es kann eine Erhöhung der Reaktion-
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srate beobachtet werden. Die Daten zeigen, dass abhängig vom Koazervat-Milieu die
Enzymdynamik in verschiedene Richtungen gesteuert werden kann.
Zusammenfassend lässt sich sagen, dass meine Arbeit reaktionsfähige, steuerbare und
enzymatisch aktive synthetische Zellsysteme mit Eigenschaften membranloser Kom-
partmentbildung etabliert. Meine Ergebnisse deuten darauf hin, dass membranlose
Kompartimente einen signifikanten Einfluss auf die Dynamik enzymatischer Reaktio-
nen haben. Meine Untersuchungen eröffnen damit neuartige Wege zur Kontrolle der
Reaktionsgeschwindigkeit in synthetischen Systemen und erweitern das Verständnis
möglicher Funktionen membranloser Organellen in vivo. Insgesamt zeige ich, dass über-
legt entworfene synthetische Zellen eine hervorragende biomimetische Plattform bieten,
um Einblicke in den Einfluss von membranloser Kompartimentierung auf enzymatische
Reaktionen zu gewinnen. Teile der vorgestellten Arbeit wurden als wissenschaftliche
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Bottom-up synthetic biology offers a novel perspective on biology, with a focus on
the modular construction of cell-like systems from simple molecular building blocks.
The rational design of synthetic cells which mimic specific cellular properties provides
platforms for understanding biological phenomena in reduced complexity environments.
At the same time, synthetic cells contribute new tools for future biotechnology.
Compartmentalisation is a universal property of cells required for the organisation of
reactions in time and space. It is therefore unsurprising that the bottom-up design of
synthetic cell-like systems focuses greatly on the manipulation of synthetic compart-
ments. To date, much work has focused on the replication of synthetic membrane-bound
compartments. However, with recent advances highlighting the importance of mem-
braneless compartments as organisation centres in cells, there is now a growing drive
to construct synthetic cells with properties of membraneless compartmentalisation.
To this end, the work in this thesis uses the principles of bottom-up synthetic biology
to construct novel synthetic cell systems with features of membraneless compartmen-
talisation. Specifically, systems utilise complex coacervates as synthetic models for
membraneless compartments. Of particular focus is the activation of the systems
with the incorporation of enzymatic reactions, to systematically study if and how
complex coacervates alter the dynamics of reactions. Currently, very little is known
about the interaction of membraneless compartments in cells with enzymatic reac-
tions. This work therefore aims to shed light on the fundamental effects membraneless
1
Chapter 1. Introduction
compartmentalisation can have on enzyme dynamics. Our approach aims to better
understand the functional roles of membraneless compartmentalisation in biology,
while simultaneously enabling the better design and engineering of membraneless
compartments into functional synthetic cells and organelles.
1.2 Synthetic biology: a bottom-up approach to life
“Synthetic biology has the potential to become a powerful new tool for the long-term
fundamental research needed to more effectively create breakthroughs in improving
human health and welfare and the environment”
Bruce Alberts, A Grand Challenge in Biology, 2011
Biological cells are highly complex phenomena that have fascinated scientists since
they were first observed under a microscope. After decades of study, we now better
understand many of the component parts that make up the basic units of life. However,
we still lack much information about how these components function together to bring
about the emergent property that is life. Nonetheless, as our understanding of biology
has expanded, scientists have been compelled to tinker with cellular functions. In
1972, Paul Berg became the first person to splice the DNA from one organism into that
of another [1], sparking the beginning of what is now standard DNA recombination
technology. This discovery suddenly opened up the question, can we “redesign” life?
In fact, two years after Berg’s discovery Wacław Szybalski published an updated idea
of the term ’synthetic biology’ where he asked: “what would come after the descriptive
age of biology was over?” [2].
The modern field of synthetic biology gained increasing popularity in the early 2000s
and has extended from the fields of genetics engineering, biotechnology, systems
biology and conventional engineering. Instead of just single genes editing, the focus
shifted to redesigning whole systems or pathways [3]. Importantly, biologists took ideas
from engineering and conceptualized life as a hierarchical structure with modular parts
of increasing complexity [4]. The aim was then to re-design and re-introduce modules
to produce novel and useful functions. Feynman’s famous quote “What I cannot create
I do not understand” has also become very popular in the field and highlights that
2
1.2. Synthetic biology: a bottom-up approach to life
synthetic biology not only enables the creation of new re-imagined functionality but
can also lead to a clearer understanding of the complexity of living systems [5]. The
field can therefore be defined by two main aims [3,4,6]:
1. The design and fabrication of biological components and systems that do not
already exist in the natural world.
2. The re-engineering of existing biological systems.
The field can be further sub-divided into two approaches: the top-down approach and
the bottom-up approach. Top-down synthetic biology works at the systems level with
regard to the design of novel genetic gene circuits [6] with specific behaviours such as
cascades [7], switches [8], oscillators [9], and logic gates [10]. These defined gene
modules are then re-introduced back into living cells, producing new function but
maintaining a high level of complexity.
On the other hand, bottom-up synthetic biology aims to create life-like biological sys-
tems, starting from molecular rather than the system building blocks. This challenging
approach aims to better understand cells and cellular process by reconstructing them,
while simultaneously striving to create novel life-like systems with desirable properties.
Thinking back to the Feynman quote, if we know how all of the dynamic components
of cells are interlinked, it should be, in principle possible to build a living cell ab initio
from non-living components. This feat is one of the ultimate goals of synthetic biology.
Whether it will ever be possible to fully recreate life in the lab is unclear, however it
remains a tempting and inspiring goal and holds the possibilities of understanding
living systems from a first principles level [11].
1.2.1 Top-down vs. bottom-up approach to a minimal cell
The construction of a ’minimal cell’ can be seen as one of the grand challenges in
synthetic biology. A minimal cell is defined as the simplest cell-like entity that can
carry out all the fundamental features of life (e.g compartmentalisation, division,
metabolism, energy generation, information storage, evolution), but where all elements
of the system are understood, can be controlled and manipulated. The realisation of a
minimal life-like entity capable of even basic fundamental features such as metabolism
3
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or division would open up exciting new pathways for biotechnology as well as answering
fundamental questions about life itself.
Some of the most well known work towards creating a minimal cell comes from the
Venter group, where they use a top-down approach. By knocking-out genes of the
bacteria Mycoplasma mycoides, Venter and colleagues created a minimal cell containing
only the genome essential for life [12]. However, 149 genes of unknown function
were still included. This eye-opening discovery highlights that we are still far from
understanding all of the essential functions for life using a top-down approach, even
for a simple prokaryotic genome. An alternative de novo approach should enable a
complete understanding of all the elements at play in any life-like system created, the
caveat being that bottom-up approaches are still far from achieving the complexity of
functions present in living cells.
The bottom-up synthesis of simplistic cells has much overlap with research into the
origins of cellularity and life. Model structures of early cells are termed ’protocells’,
and represent cells as they may have been pre-Darwinian evolution [13–16]. Here,
the term protocell is used to define experimentally prepared cell-like constructs with
some traits of living cells. Synthetic biologists have built on much of the foundational
protocell work that has been carried out, especially with regard to minimal division
and reaction systems [17,18]. However, within this field, research is directed towards
using simple prebiotically relevant materials, whereas in synthetic biology, there are,
in principle, no limitations to the materials and molecules available. Biological as well
as synthetic building blocks can be utilised to construct simplistic life-like systems.
Minimal systems designed in this field are therefore widely known as ’artificial cells’
or ’synthetic cells’ [19, 20]. In the work presented in this thesis, the term synthetic
cell is be used and defined as a rationally designed system of approximately cellular
dimensions that mimics some aspect of living cells.
It is clear that current synthetic cells are still far from being precise representations of
living cells, but the term highlights the intent behind the design of the system created.
It may be that as we progress forward, synthetic cells become ever better mimics of
their biological counterparts and emergent behaviours are observed. Clear progress
has already been made in the engineering of energy generation modules [21, 22],
basic cytoskeletal features [23] and synthetic organelles [24,25]. However, one of the
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current challenges the field faces is combining all functionalities into a single working
system [26].
Due to their micron to nanoscale properties, modularity and flexibility, synthetic cells
have also been heralded as the next revolution in biotechnology and therapeutics. In
fact, realisations of these platforms have already been used to drive protein synthesis
[27], to communicate with living cells [28] and as drug delivery systems [29, 30].
Furthermore, the controllable cell-like environments have been envisioned as micro-
reactors capable of efficiently producing organic molecules for medical or industrial
processes [31]. Here, functions are often developed in single compartment liposomes to
carry out a single task. The field is also now working towards developing multi-function
systems in a controlled and predictable manner.
The biomimetic features of synthetic cells also makes them ideal in vitro model systems
for biological cells, where high complexity can make extracting precise information
on the interplay of biochemical reactions a challenging task. In this way, researchers
can utilise rationally designed synthetic cells to study biological processes in a reduced
complexity environment, thus furthering our understanding of the fundamental chemi-
cal and physical principles that drive the system [32]. Indeed, the use of model systems
and the principles of in vitro reconstitution have already been proven as powerful tools
in many fields, leading to a better understanding of biology and cellular processes.
There is therefore a need to design novel synthetic cells that mimic cellular features that
are currently unaccessible. For example, dynamic and responsive compartmentalistaion,
the control of complex enzyme networks and division and growth. As previously stated,
compartmentalisation is a feature of cellularity vital for the controlled regulation
of biochemistry. The design of dynamic and controllable synthetic compartments is
therefore also required to combine functional modules within synthetic cells. As in
real cells, multi-compartmental structures would segregate reaction pathways such
as protein synthesis and energy production, preventing undesirable interactions and
loss of function. Traditionally, synthetic cells are composed of membrane-bound
compartments which encapsulate and regulate biochemical reactions. However, the
growing field of liquid-liquid phase separation in biology has established the importance
of membraneless compartmentalisation as a way to control cell biochemstry [33].
The design of synthetic cells with features of membraneless compartments would
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therefore represent systems with the unique compartmentalisation properties provided
by membraneless compartments, thus extending the potential capabilities of synthetic
cells.
1.3 Membraneless compartmentalisation in biology
Cells rely on compartmentalisation of the cytoplasm to spatiotemporally control and
regulate their multitude of biochemical reactions. Our understanding of cytoplasmic
compartmentalisation has traditionally focused on membrane-bound compartments,
such as mitochondria or the endoplasmic reticulum, that provide stable and distinct
environments for processes such as energy production or protein folding [34]. Yet, cells
also utilize a more dynamic type of compartmentalisation in the form of RNA/protein
or protein/protein condensates, termed membraneless organelle, that form via liquid-
liquid phase separation (LLPS). Numerous membraneless organelles are found within
the cytoplasm and nucleoplasm such P granules [35], nucleoli [36] and stress granules
[37] as shown in Fig. 1.1. Although these organelles lack membranes, they importantly
still provide distinct environments for the spatial organization of reactions [38].
Figure 1.1: Membraneless organelles in eukaryotic cells. A. Schematic of the numerous membrane-
less organelles present in eukaryotic cells. Balbiani bodies and germ granules only occur in germ cells
(green), RNA transport granules and synaptic densities are specific to neuronal cells (pink). Taken
from Banani et al. [33]. B. Examples of membraneless organelles in eukaryotic cells i) P granules
in a C.elegans embryo from Brangwynne et al. [35]. ii) Sup35 droplets in S. cerevisiae on stressfrom
Franzmann et al. [39]. Scale bar = 5 µm. iii) Antibody staining of HeLa cells for nucleoli (red) and
PML bodies (green), and expressing Ddx4YFP (yellow) from Nott et al. [40]. Scale bar = 10 µm. iv)
Purinosome in HeLa cells from An et al. [41]. Scale bar = 10 µm.
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Indeed, the liquid-like nature of membraneless organelles means that they show dy-
namic behaviours such as internal rearrangement, fusion, formation and dissolution
and exchange of material with their surrounding [33]. Membraneless organelles are
also highly sensitive to their cellular environment and can rapidly dissolve or assemble
in response to changes in temperature, salt concentration and pH [39,42]. The condi-
tions under which droplets form and dissolve is specific for each protein and cell and
can be represented in a phase diagram, as shown in Fig 1.2. This ability to dynamically
respond to fluctuations in physicochemical signals is a key property of these organelles
which cells most likely utilize. It has been shown that membraneless organelles are
used in situations such as rapid respond to stress [39], dynamic assembly of structures
during the cell cycle [43], the dynamic control of transcription [44] and buffering of
protein concentrations [45]. These all demonstrate the importance of the dynamic
compartmentalisation. In Chapter 3, we demonstrate how we use our understanding
of the phase diagram of a coacervate, shifting coacervate polymers from a one phase
to two phase state using pH, as shown in Fig. 1.2.
Our understanding of how condensates form and the interactions that govern their
formation has increased greatly over recent years [47]. It is now clear that many
membraneless organelles are enriched in proteins that possess stretches with no defined
folded structure and instead show conformational heterogeneity. These proteins are
referred to as intrinsically discorded proteins (IDP) [48]. Often, these IDP contain
multiple weak interacting motifs which can bind to themselves or RNA. Indeed, recent
in vitro studies by Li et al. showed that two synthetic proteins each with a different
repeating interaction motif are sufficient to drive phase separation in vitro [49]. As
well as specific interaction partners, weak molecular interactions between amino
acids in IDPs are thought to facilitate phase separation. These are understood to
be charge-charge, cation-π, dipole-dipole and π − π stacking. These interactions
operate at different length scales, with charge-charge interactions dominating the
long-range interactions [50]. As a result, electrostatics can play a significant role
in regulating phase separation as has been demonstrated by the sensitivity of phase
separating proteins such as Ddx4, a primary constituent of germ granules, to ionic
strength [42]. Furthermore, IDPs including Ddx4 and the P granulate protein LAF-1, are
enriched in both positively and negatively charged amino acids arranging into blocks
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of approximately 8-10 residues, which enable them to interact via complimentary
electrostatic chain interactions [51]. Mutants of these proteins with scrambled residues
but equivalent overall charge did not maintain the ability to phase separate in vitro
and aggregated in vivo [42], revealing the importance of charge patterning and charge-
charge interactions.
Phase separation driven by the interaction of oppositely charged blocks of flexible
charges is highly reminiscent of the phenomenon of complex coacervation. Complex
coacervation is a specific type of LLPS driven by the electrostatic attraction of oppositely
charged polymers (e.g. RNA/protein). Due to the similarities, the phenomenon has
already been implicated as one of the driving forces for cellular condensate formation
[42,52,53]. For this reason, complex coacervates have become implicated as synthetic
models for membraneless compartments [54].
Figure 1.2: Droplet phase diagram under different environmental parameters. A phase diagram
is created by systematically changing two variables. For condensates this is normally temperature, salt
or pH on the y-axis and then concentration of the phase separating protein or polymer on the x-axis.
A binodal line (coexistence line) shows the boundaries between the one phase and two phase states.
Changing the variable on the y-axis, such as pH, can move a system between the one phase and two
phase state as shown. Diagram adapted from Alberti & Dorman [46].
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1.3.1 Coacervates as model systems for membraneless
organelles
“On closer inspection of the ground mass of the protoplasm, it strikes one that is has some
properties in common with the coacervates”
H. G. Bungenberg De Jong and H. R. Kruyt, Coacervation, 1929
In 1911, Tiebackx first described the formation of colloid particles on the mixing of
gelatin and gum [55]. However, it was Bungenberg de Jong & Kruyt who after system-
atic studies of these systems, defined the term coacervation in 1929. Coacervation is
achieved via two separate liquid-liquid phase separation processes, simple coacervation
and complex coacervation. In simple coacervation, a macromolecule or polymer in so-
lution is driven to phase separate when the energy cost of polymer-solvent interactions
becomes too high. The polymers therefore demix into a dense phase in equilibrium
with a dilute phase [56]. Examples of polymers that undergo simple coacervation are
elastomeric proteins such as elastins and resilins.
The second type of coacervation, termed complex coacervation, occurs when two oppo-
sitely charged macromolecules in a single solvent demix to form a macromolecularly
dense phase in equilibrium with a dilute phase (Fig. 1.3A). This process is driven by
electrostatic attraction between the two macromolecules, which are then neutralised on
assembly to form a dense phase with no net internal charge [57]. Complex coacervates
have been shown to form from a wide range of macromolecules such as peptides [58],
synthetic polymers [59], nucleic acids [60] and even purified proteins and RNA [53,61].
Figure 1.3: Complex coacervation formation from polyanions and polycations. A. Cartoon depict-
ing how two soluble macroions, for example polylysine and ATP, phase separate to form dense droplets
in equilibrium with a dilute phase. B. Polylysine/ATP coacervate microdroplets imaged with a bright
field microscope. Scale bar = 20 µm.
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Coacervation results in the formation of discrete macromolecularly dense droplets
as shown in Fig. 1.3B. Investigations into the internal structure of coacervates using
cryo-TEM and SAXS have shown results consistent with an arrangement of dynamic
fluctuating domains of entangled or discrete electrolyte complexes [62]. Although
packed with macromolecules, the droplets also maintain a high water content of at
least 60 wt% water therefore they maintain liquid-like properties [62,63].
As a result of their membraneless structure, coacervates maintain an open phase bound-
ary with their surrounding dilute aqueous phase. This means that molecules in solution
are able to diffuse between the two phases. However, due to their macromolecularly
crowded interior and the exclusion of water molecules, coacervates tend to be less
hydrophilic than water and instead can have a polarity similar to that of organic
solvents such as DMSO (measured by the dielectric constant, εwater = 80, εcoacervates
= 47) [40,63]. These inherent structural and polarity differences mean that coacervate
droplets experience different favourable or non-favourable interactions with individual
molecular species [63, 64], resulting in a preference for a species to be selectively
sequestered or excluded from the droplets. This property is driven by the chemical
potential of each species in both phases, where chemical potential is an energy per
molecule characterising the work required to move a specific molecule into each phase.
Molecules will therefore diffuse down a chemical potential gradient from one phase to
another until the chemical potentials in each phase are equalised [65].
The chemical potential of a species is dependent on its chemical nature and that of
the phase that it is in, therefore a complex mixture will be described by a collection
of chemical potentials. Each of these describes the potential of a species to move into
one phase or the other. At thermodynamic equilibrium, the propensity of a molecular






where Cin and Cout are the concentrations in the droplet and in the surrounding media,
respectively. The partition coefficients of a molecules is dictated by a number of factors
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such as hydrophobicity, charge, dielectric constant, and polarity, as well as the intrinsic
chemical structures of the molecules [63].
With the increasing interest in understanding the role of LLPS in biology, coacer-
vates have become prominent model systems that recapitulate many features of mem-
braneless organelles in cells [54]. However, their simplistic nature and dynamic and
crowded environment has also made them important protocell models in origin of life
research [66,67]. Here their ability to spontaneously sequester molecules has been
important in the argumentation of their use as possible early cell like reaction centres.
Synthetic biologists have also already utilised the biomimetic properties of coacervates
to recreate novel life-like systems such as dynamic light induced droplet formation [68],
nested protocells [69], predatory behaviour [70] and primitive morphogenesis [71].
1.4 Coacervate-based synthetic cells
Numerous in vitro studies using coacervates have already furthered our understanding
of the basic properties of LLPS droplets. However, most experiments have been carried
out in solution and therefore do not provide control over spatial organization of coac-
ervates [63,72,73]. Solution experiments also do not mimic the encapsulation of coac-
ervates in a defined cell-like volume. The design and creation of multi-compartmental
structures is therefore a prerequisite for the realisation of more biomimetic synthetic
cells. Furthermore, if we are to understand the interactions of enzymatic reactions
with membraneless droplets, this should begin with the observation of the influence
of a single droplet on enzyme dynamics. There is therefore much interest in devel-
oping synthetic systems that recapitulate the multi-compartmental structure of cells,
with coacervates encapsulated within larger compartments. To maximise biological
relevance, vesicle based encapsulation is often utilised.
To this end, recent work from the Huck and Dekker labs’ have described microfluidic
technologies for the encapsulation of coacervate droplets within giant unilamellar
vesicles (GUVs). Hybrid coacervate-in-GUV systems are ideal multi-compartmental
synthetic cells, that enable spatial control of coacervate droplets within defined cell
like environments. In these studies, coacervates were either formed directly on
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encapsulation [25], or a polycation was encapsulated and coacervation triggered
with the introduction of the polyanion through membrane pores [74].
In the cytoplasm, phase separating macromolecules often exist in a diffuse state until
an external stimulus (e.g temperature, pH, post-translational modification), triggers
a shift into the two phase region of the phase diagram as shown in Fig 1.2 [39].
Previous work on aqueous two phase systems (ATPS) from the Keating and Dimova
groups, have also controlled phase separation in GUVs at room temperature using
osmotic deflation [75,76] which has also been further demonstrated in water-in-oil
emulsions [77]. However, the in situ formation of complex coacervates in GUVs has
not yet been demonstrated.
The dynamic formation of membraneless compartments in a synthetic cell would
therefore be a novel and biologically important property to recapitulate. New methods
are then needed for the control of the spatiotemporal formation of coacervates using
biologically relevant chemical triggers. A chemical signal often used in biology but not
yet developed for synthetic cells, is pH. In Chapter 3 and 4, work towards establishing
a pH-responsive synthetic cell will be discussed.
1.4.1 pH-control of coacervate formation
Environmental pH can actually vary widely within specific cellular environments. For
example, lysosomes have an internal pH of 4.5-5 [78], while pH differences are vital for
the establishment of electrochemical gradients in mitochondria [79], which can have
gradients of up to 0.9 pH units [80]. pH-modulation is used as a survival mechanism in
cells, where it has been shown that starved yeast cells undergo a reduction in cytosolic
pH that causes a decrease in cytosolic fluidity, ultimately promoting survival [81].
Further examples of the pH-controlled condensation of the yeast prion protein Sup35
have shown the importance of pH on phase separation [39].
Phase separating proteins that undergo complex coacervation often have charged
species in the form of weak acids or bases, where the charged and uncharged state
can be modulated by pH [59,82]. Electrostatic attraction is the main driving force of
complex coacervation, thus, if charges are neutralised then coacervation does not occur.
Therefore, pH is one of the variables capable of shifting a phase separated system from
12
1.4. Coacervate-based synthetic cells
a one phase to two phase state as shown in Fig. 1.2. This is similar to increasing the
salt concentration, which also acts to neutralise the electrostatic attraction of charged
groups.
When in solution, the equilibrium of the dissociated to non-dissociated species of weak
acids and bases is controlled by the pH of the system. Importantly, the pKa (acid
dissociation constant) of a molecule is defined as the pH at which 50% of the molecules
are charged and 50% uncharged. Moving solution pH above or below the pKa of a
molecule will therefore shift the equilibrium to its dissociated or non-dissociated state.
Weak acids become uncharged below their pKa and weak bases above their pKa. This
equilibrium can therefore be used to tune the attractive forces between polyelectrolytes
in a coacervate system, when at least one of the polyelectrolytes is a weak acid/base.
Control over coacervate formation using pH has been previously demonstrated in bulk
systems [62, 83]. However, it has not yet been utilised for the controlled formation
of coacervates in a multi-compartmental synthetic cell. The establishment of such a
system would constitute a biomimetic representation of biological LLPS, enabling the
dynamic formation of compartments with controlled chemical signals. To realise this
multi-compartmental structure, an external compartment is required that can contain
and spatially segregate coacervate polymers.
1.4.2 Microfluidics
Microfluidic technologies have been widely used in synthetic biology because the
precise control of fluid volumes offers a high level of reproducibility, automation,
and manipulability [84]. Here, devices fabricated using glass or polymers such as
polydimethylsiloxane (PDMS) can manipulate fluids in channels with dimensions of
tens of micrometers. At these small scales, the physical properties of water-based fluids
change. Of importance in microfluidics is the removal of turbulent flow due to a low
Reynolds number (Re) experienced by the fluids [85]. The resultant effect is that fluids
experience laminar flow and two streams can be co-flown together without mixing.
Of particular interest to the field of synthetic biology has been the development of
droplet-based microfluidics [86]. Here, microfluidics enables the production of large
numbers of homogeneous and discrete droplets with the use of immiscible water
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and oil phases [23,86,87]. Furthermore, microfluidic droplets have been shown to
provide templates for the formation of monodisperse liposomes [23]. Within this
thesis, microfluidic technology is used for the production of hybrid coacervate in GUV
synthetic cells in Chapter 3, as well as for the production of coacervate in emulsion
droplet synthetic cells in Chapter 5.
1.5 Giant unilamellar vesicles
Vesicles produced from the self-assembly of lipid monomers into amphiphilic bilayers
are classic biomimetic compartments, whose structures mimic those of a cells phos-
pholipid membrane [13]. Their ease of use, large size and ability to encapsulate and
contain biomolecules has made them extremely useful in the fields of synthetic biol-
ogy [16,23,88], origin of life research [89], as well as in the field of membrane biology
and biophysics [90,91]. Lipid vesicles are typically classified by their diameters, with
so called small unilamellar vesicles (SUV, less than 100 nm), large unilamellar vesicles
(LUV, 100 nm – 10 µm) and giant unilamellar vesicles (GUV, 10 µm – 100 µm). Within
the context of this work, GUVs provide compartments of the most relevant size, as their
diameters are of the same order as real biological cells. GUVs are typically produced
using three different methodologies:
Electroformation. The most widely utilized methodology for GUV preparation is
electroformation [92]. Here, lipids dissolved in chloroform are dried down onto a con-
ductive surface or metal wires which are then hydrated with buffer while an alternating
electric field is applied. The method is indeed effective for producing large numbers of
GUVs. However it is not suitable with all lipid types and the electric current has also
been shown to cause defects in lipid membranes [93].
Hydration. The initial hydration methodology was first described in 1968
[94] and the fundamentals of the method have not changed. In essence, lipids dissolved
in chloroform are dried onto a glass surface and are then subsequently rehydrated
with an aqueous buffer of choice. However, hydrating on glass often required negative
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Figure 1.4: PVA assisted hydration of GUVs. A lipid film is spread onto a thin film of dired polyvinyl
alcohol (PVA). On hydration, the PVA and lipids swell and hydrate causing the layers of lipids to deform
and swell due to perpendicular osmotic pressure. GUVs are formed as the lipid layers swell and pinch
off. Adapted from Weinberger et al. [98].
lipids as well as requiring long overnight hydrations [95]. The methodology was then
improved through the addition of a dried agarose film onto which the lipids were
dried [96], which then assisted the GUV formation. However, agarose is prone to
dissolving in water and has been shown to incorporate into the lipid membranes [97].
Replacing the agarose with a thin polyvinyl alcohol (PVA) film was shown to solve
this problem [98]. PVA assisted swelling is to date the most effective GUV swelling
methodology. In brief, lipids are deposited and dried down onto a thin layer of dried
PVA on glass. A chamber is constructed around the lipids and a hydrating solution of
choice is placed on top as shown in Fig. 1.4. PVA aids the formation of GUVs as it
hydrates, as the dried lipid layers are subjected to a perpendicular osmotic pressure
enabling them to more easily hydrate and bud off. This results in a higher number of
cleaner, defect free GUVs. For the work presented in this thesis, PVA assisted swelling
was selected as the most suitable due to its facile aqueous conditions, high yield of
GUVs and good encapsulation efficiency. Results from the method of artificial cell
production using this technique are presented in Chapter 3.
Microfluidics. Bulk methodologies often provide poor control over assembly pa-
rameters such as size and structure. However, in Section 1.4.2 we disscusssed that
microfluidic technologies provide precise control over the volume of structures formed.
It is then of little surprise that there has been much interest in generating GUVs using
microfluidics, to enable the mass production of uniformly sized liposomes [99]. Multi-
ple different methodologies exist for the microfluidic generation of GUVs e.g single
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emulsion method [100], jetting [101], or phase transfer [102]. The work presented
in Chapter 3 will describe the use of a double emulsion methodology where a single
emulsion droplet stabilised by lipids is initially formed using a flow focusing device,
which is then further encapsulated in another emulsion droplet. The leftover oil is then
subsequently extracted using either solvent or mixing.
1.6 Biochemical reactions inside liquid droplets
In living cells, membraneless organelles do not exist in isolation, but are instead part
of the active and dynamic contents of the cytoplasm in which biochemical reactions
take place. It has been hypothesised that membraneless organelle play an active
role in modulating biochemical reactions [33]. When thinking about the partitioning
properties of membraneless droplets, possible effects on reactions could be 1) increasing
reaction rates in droplets by the concentration of dilute pools of molecules in the
cytoplasm 2) selectively activating or deactivating reactions through the sequestering
of important compounds.
Activity enhancement via compartmentalisation and partitioning has already been
shown in vitro, with enhancements of 70 fold for RNA hammerhead activity [73], 6
fold increase in the yield of actinorhodin polyketide [103] as well as increases in actin or
tubulin polymerisation [104,105]. However, an increase in rate is not always observed
and rates have also been shown to remain the same or decrease [106,107]. Partitioning
is therefore not the only factor affecting enzymatic activity in phase separated systems.
For example, the macromolecular crowded nature of membraneless droplets is likely
to make them more viscous, slowing the diffusion of molecules and reducing collision
rates.
In a recent review, Nakashima et al. defined two ways in which reaction rates can
differ between droplets and the cytoplasm [54]: the local concentration of reactants
and products are different, or the rate constant of the reaction k is different in each
environment. These concepts will now be further discussed.
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1.6.1 Effect of local concentration on activity
For the simple reaction shown below, the ratio of each reactant and product and
therefore concentration in each phase is described by the partition coefficient of the
molecule (Eq. 1.1). Though the effect of concentration seems straight forward, with
higher concentrations leading to greater activity, the partitioning of intermediates
and products must also be accounted for. For example, for the simple reaction of the
reactants A and B to the product C , the partitioning coefficient K of each molecule
must be accounted for. K will be of differing magnitude for each species:
A(in) + B(in) −−→ C(in)
A(out) + B(out) −−→ C(out)
KA 6= KB 6= KC
It is also important to remember that if a chemical reaction proceeds within a phase
separated system, a constant diffusive flux of molecules into and out of droplets will
take place. The introduction of new chemical species or the changing concentration of
a species as a result of the chemical reaction will cause an imbalance in the chemical
potentials between the coacervate and surrounding aqueous phase. Molecules will
then diffuse down a chemical potential gradient until equalised [65].
Understanding how a droplet is coupled with its external aqueous surroundings via the
diffusive flux of molecules is important if we are to understand how the dynamics of
a reaction change upon phase separation. This is especially important in a biological
context, where thermodynamic equilibrium does not exist. Liquid compartments
provide centres for chemical reactions which are constantly turning over, meaning
there is a constant flux of molecules across phase boundaries [65]. However, our
understanding of how reaction dynamics change in heterogeneous phase separated
environments is currently limited, although it has been suggested that this continuous
turnover can cause instabilities and suppress Oswald ripening [108].
A limiting factor has been that controlled kinetic investigations in vivo are challenging
due to the multitude of components and reactions that take place in a cell, making it
hard to observe possible subtle effects caused by phase separation. Systematic bottom-
up synthetic biology studies could therefore provide a complimentary approach, with
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the design of low complexity systems enabling the observation of kinetics in both phases.
Work towards designing and utilising a system for this purpose will be discussed in
Chapter 5, where a synthetic cell based on a coacervate-in-emulsion droplet is used
to closely study the reaction rates of an enzyme in the coacervate as well as in the
surrounding aqueous media.
1.6.2 Reaction rate constants in liquid droplets
An interesting and not much explored question is if phase separated droplets change




= k[A] [B] = k0(t, T ) e
−∆G‡
RT [A](t) [B](t) (1.2)
where the rate r of a reaction can be altered via reactant concentrations, A and B or by
changing the rate constant k. Therefore the rate of production of the concentration of
[C] is defined by the rate constant k times by the concentrations of the reactants [A]
and [B]. The rate can be further described by the diffusion limited rate constant k0 at
time t and temperature T , standard Gibbs energy of activation at concentrations of [A]
and [B] at time t.
The rate constants of the majority of enzymatic reactions are transition state limited
meaning that the Gibbs energy of activation (∆G‡) dominates. Importantly, this
variable can be directly influenced by the physicochemical environment of the enzyme
[109,110]. As discussed in section 1.3.1, membraneless organelles and coacervates
have distinctly different internal environments from their surrounding cytoplasm or
aqueous phases, thus making it plausible that the energy landscape of enzymes can be
altered when inside membraneless droplets. The unique crowded environments may
favour an active form of an enzyme, or stabilise a transition state, lowering the energy
barrier and increasing the rate constant. At the same time, increased macromolecular
crowding and the presence of multiple interaction partners can also affect the diffusion
constant of molecules in membraneless droplets, often slowing diffusion leading to
slower kinetics [106, 111]. These multiple contributing factors can be challenging
18
1.6. Biochemical reactions inside liquid droplets
to de-convolute making it hard to draw overarching principles for kinetics in liquid
droplet environments.
A main limiting factor hindering the analysis of reactivity and the establishment of
fundamental principles, is that the kinetics in both phases are not measured [54] or
are measured in a manner that does not account for partitioning. Systematic studies
of kinetics in liquid droplets and their surrounding media are therefore needed to
begin to define the underlying rules dictating changes to kinetics. Aiming to establish
fundamental principles for kinetic changes, work in determining kinetic parameters of
enzymes in the coacervate environment with the use of Michaelis–Menten kinetics will
be discussed in Chapter 6.
1.6.3 The Michaelis-Menten model for enzyme kinetics
The Michaelis–Menten model for enzyme kinetics provides a useful framework for
measuring kinetic parameters of enzymes from reaction progress curves. The model
has served as a standard for kinetic measurements for now well over 100 years. It
was developed by Leonor Michaelis and Maud Menten, who are both now regarded as
the founders of modern enzymology [112,113]. Together they proposed the model
for enzyme kinetics shown below, where E is the enzyme, S is the substrate, ES is the





kcat−−→ E + P
An initial bimolecular reaction between the enzyme E and substrate S occurs to form
an enzyme-substrate complex ES. k1 and k−1 represent the forward and reverse rate
constants for the reversible binding of the ES complex. The rate of reaction will
increase with substrate to the point of saturation, called Vmax (Fig. 1.5). Past this point
of saturation the overall reaction rate becomes unimolecular, as it depends only on the
rate of decomposition of the ES complex to enzyme and product. kcat represents the
apparent unimolecular rate constant of this reaction. The enzyme mechanism in this
step is often a complex multistep process, however, typically, one rate-limiting step
enables the process to be modelled as single step. kcat is sometimes referred to as the
catalytic constant or the turnover constant and defines the number of catalytic cycles
that the enzyme can undergo in unit time [114].
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The Michaelis-Menten equation shown below, describes the rate of an enzymatic












Here, Vmax represents the maximum turnover rate of the enzyme when all active sites
are saturated and can also be expressed at kcat[E0] where kcat is the catalytic efficiency
constant and [E0] the enzyme concentration. The Michaelis constant, KM , is equivalent
to (k−1 + kcat / k1 ) and represents the substrate concentration at which half the active
sites are filled. This is numerically equivalent to the concentration at half of the Vmax
(Fig. 1.5). KM therefore describes the affinity of the substrate to the enzyme.
At low concentrations of substrate, very low concentrations of the ES complex are











Now the equation resembles a bimolecular equation as the rate depends on the con-
centration of two molecules, the enzyme and substrate. The pseudo second order
rate constant for this reaction kcat/KM is a fundamental constant for the reaction of
E + S → E + P at low substrate concentration. This constant is therefore termed
the specificity constant and is a measure of the catalytic efficiency [115]. The most
efficient enzymes are diffusion limited enzymes which can achieve values of kcat/KM
in the range of 108− 1010 M−1s−1 [116,117]. However most enzymes operate at lower
efficiency with average values of 105 M−1s−1.
Determining the constants Vmax , KM and kcat/KM , provides information about the rate
constants of the enzymatic reaction. We have previously discussed that environmental
conditions can lead to changes in the rate constants of enzymatic reactions. Therefore
if Michaelis-Menten experiments are carried out in two different environments, for
example, in coacervate and in buffer, any changes in the rate constants due to the
environmental factors will be expressed as different values for the Michaelis-Menten
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Figure 1.5: Saturation curve of an enzyme reaction. Graph showing the relationship of the rate of
a reaction to substrate concentration. The maximum reaction rate is defined as Vmax , and KM , the
Michaelis constant represents the concentration of the enzyme when half of the active sites are occupied.
kinetic parameters. This approach has already been employed to understand the effect
of crowders [111,118,119], aqueous two phase systems [107] and polymer stabilised
coacervates [120] on enzymatic reactions.
1.7 Thesis outline
In this work, I use novel rationally designed synthetic cells based on complex coacervates
to study the basic interactions of membraneless compartments with enzymatic reactions.
Enabled by the flexibility of synthetic biology, I use different realisations of coacervate-
based synthetic cells to answer the following questions, each discussed in a separate
chapter:
1. Is it possible to build a synthetic cell with membrane-bound and membraneless
properties that respond to an external pH-stimulus?
2. Can pH-triggered coacervation control enzymatic reactions?
3. How does diffusion between a coacervate and the surrounding aqueous phase
influence enzyme dynamics?
4. Does the crowded and heterogeneous coacervate environment alter the kinetics
of enzyme reactions?
In Chapter 2 I will discuss the materials and methods used in this work, before moving
onto results in Chapter 3,4,5 and 6.
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In Chapter 3 I designed and characterised a novel multi-compartmental synthetic
cell of from GUVs and coacervates using both bulk and microfluidic methods. I show
that external pH-signals can dynamically and reversibly control droplet formation
in GUVs, thus demonstrating a novel and biologically relevant method for dynamic
compartmentalisation.
Using this novel pH-controlled synthetic cell, in Chapter 4 I demonstrate the func-
tionalisation of the the system with the enzyme formate dehydrogenase. Utilizing
coacervate properties, I demonstrate that the enzyme is localised to the coacervate
centre and can trigger the activity of low concentrations of the enzyme. The dynamic
activation of reactions via an external pH-trigger provides a new tool for synthetic cells
and demonstrates a possible role of membraneless organelles in biology.
After having shown that the in situ formation of coacervates can activate reactions, I
then in Chapter 5 explore how coacervates are coupled with their aqueous environment.
Due to their membraneless nature, molecules constantly diffuse between the droplet
and the aqueous surrounding. In this chapter I compare rates in coacervate-in-emulsion
droplets with bulk solution measurements to see how this diffusive exchange alters
reaction rates. Here, I show that the coupling of a droplet with an aqueous phase speeds
up the enzyme formate dehydrogenase in both phases with the aqueous phase acting
as a sink for products and a source for reactants. This demonstrates how membraneless
compartments are closely coupled to their surrounding aqueous phase.
Finally, in Chapter 6 I ask if the rate constants of enzymatic reactions are altered as a
result of the physicochemical properties of the coacervate environment. To this end,
I carried out Michaelis-Menten assays on the enzymes formate dehydrogenase and
β-galactosidase in coacervate and buffer environments. I show that the Michaelis-
Menten parameters of the enzyme formate dehydrogenase changed significantly in
the coacervate phase, while β-galactosidase did not. This highlights the ability of
coacervates to tune specific enzymatic reactions, a property that may also be utilised by
membraneless organelles in biology. In Chapter 7 I conclude my findings and provide
an outlook for future work.
Overall, I have designed novel coacervate-based synthetic cell technologies and demon-
strated their use in systematically studying fundamental interactions of membraneless
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compartments with enzymatic reactions. Importantly, with the design of new methods
for the production of synthetic cells and by rationally designing synthetic systems with
different properties, I have shown that coacervates can dynamically trigger, tune and
regulate enzymatic reactions. These results demonstrate possible ways in which mem-
braneless organelles could regulate biochemistry in cells, demonstrating the use of syn-
thetic cells in extending our understanding of biological systems. Furthermore, a deeper
understanding of the ways to regulate and tune reactions in multi-compartmental syn-
thetic cells will increase our abilities to combine functional modules in synthetic cells,






Poly-L-lysine hydrobromide (PLys, (C6H12N2O)n, 4 – 15 kDa, monomer MW = 208.1
g/mol), carboxymethyl-dextran sodium salt (CM-Dex, (C6H10O5)n. (COOH),
10-20 kDa, monomer MW = 191.3 g/mol), adenosine 5-triphosphate disodium salt hy-
drate (ATP, C10H14N5Na2O13P3, 551.1 g/mol) and FITC-CM Dextran
((C6H10O5)n ·COOH ·C21H11NO5S), 4,000 g/mol) were purchased from Sigma Aldrich,
Missouri, USA. Poly(diallyldimethylammonium chloride) (PDDA, (C8H16NCl)n,
8.5 kDa, monomer MW = 161.5 g/mol) was purchased from Polyscience inc and
the FITC-PLys (C6H12N2On ·C21H11NO5S, 25,000 g/mol) was purchased from Nanocs.
Molecular structures of the monomer units are shown in Figure 2.1.
2.1.2 Reagents for liposome production
Chloroform (CHCl3, 119.38 g/mol), toluene (C6H5CH3, 92.14 g mol-1), hydrogen
peroxide (H2O2, 30 wt%, 34.01 g/mol), hydrochloric acid (37 wt%, HCl, 36.46 g/mol),
poly(sodium 4-styrenesulfonate (C9H7 NaO3S)n, 70,000 g/mol), Egg PC (L-α-phosph
atidylcholine, 99% TLC, in chloroform, 25 mg/mL, 768 g/mol), 1-Octanol (CH3(CH2)7
OH), 130.23 g/mol), polydiallyldimethylammonium chloride (PDADMAC, (C8H16ClN)n
20% wt. in H2O, monomer MW = 161 g mol-1), poly (4-styrenesulfonic acid) (PSS,
18% wt. in H2O, 75000 g/mol), polyvinyl alcohol (PVA, 89,000 - 98,000 g/mol, 99%
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Figure 2.1: Molecular structures of the polyions used to form coacervates Cationic polymers Poly-L-
lysine (PLys), poly(diallyldimethylammonium chloride) (PDDA), and the anionic polymer carboxymethyl-
dextran (CM-Dex) and monomer adenosine triphosphate (ATP).
hydrolysed) and cholesterol (C27H46O, 386.65 g/mol) were purchased from Sigma
Aldrich.
Fluorescein isothiocyanate isomer I (FITC, C21H11NO5S, 389.38 g/mol) and DiD
(C67H103ClN2O3S, 1052.1 g/mol), 1,2-Dihexadecanoyl-sn Glycero-3-Phospho
ethanolamine Triethylammonium Salt (Texas Red DHPE, C74H117N4O14PS2,
1 mM, 1381.8 g/mol), Pluronic F-63 (Non-ionic surfactant x100, (C3H6O · C2H4OX,
8400 g/mol) and Sucrose (C12H22O11, 342.3 g/mol) were purchased from Thermo
Fisher.
Glucose (C6H12O6, 180.2 g/mol) and sodium hydroxide (NaOH, 39.997 g/mol) was
purchased from Merck, Kenilworth, USA. HEPES (C8H18N2O4S, 238.3 g mol/1) was
purchased from Roth, Karlsruhe, Germany. 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC, C42H82NO8P, 760.1 g/mol was purchased from Avanti Polar Lipids.
PDMS (SYLGARD ®184 silicone elastomer kit) was purchased from Dow Corning, USA.
Osmometer calibration samples (100, 300 mOsmol/kg) were purchased from Gonotec,
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Formate dehydrogenase (FDH) is a 74 kDa homodimer that catalyses the oxida-
tion of a formate molecule to carbon dioxide, with the simultaneous reduction of
the cofactor NAD+ to NADH. Formate dehydrogenase from Candida boidinii (FDH,
74,000 g/mol); the substrates, β-nicotinamide adenine dinucleotide hydrate (β-
NAD, C21H27N7O14P2, 663.4 g/mol); and sodium formate (HCOONa, 68.0 g/mol)
and the product β-nicotinamide adenine dinucleotide reduced sodium salt hydrate
(β -NADH, C21H27N7Na2O14P2, 709.4 g/mol) were all purchased from Sigma Aldrich.
Figure 2.2: Formate dehydrogenase reaction scheme. A. Formate is oxidised to carbon dioxide with
the simultaneous reduction of the cofactor NAD+ to NADH. B. NAD+ is reduced to NADH with the
addition of a hydride ion.
β-galactosidase
β -galactosidase is a 464 kDa homotetramer that catalyses the hydrolysis of glycosidic
bonds. Here, fluorescein di-β -D-galactopyranoside (FDG) first cleaved to fluorescein
monogalactoside (FMG) and then to highly fluorescent fluorescein (FITC) with the
production of 2 molecules of galactose. β-galactosidase from Escherichia coli (β-gal,
465,000 g/mol) was purchased from Sigma Aldrich and the substrate fluorescein
Di-β -D-Galactopyranoside (FDG, (C32H32O15), 656.6 g/mol) from ThermoFisher.
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Figure 2.3: β-galactosidase reaction scheme. The glycosidic bonds of Fluorescein di-β-D-
galactopyranoside (FDG) are cleaved to produce fluorescein (FITC) and 2 molecules of galactose.
2.1.4 Stock solutions
A list of stock solutions used for coacervates and enzymes is shown in Table 2.1, lipids
for swelling of vesicles in Table 2.2 and lipids for microfluidics production of vesicles in
Table 2.3. The pH of stocks was adjusted when necessary using a 10 M stock solution
of NaOH. Lipids were dissolved in chloroform and stored under argon. All solutions
other than buffer were stored in the freezer at -20 ◦C until use. Monomer molecular
weights were used to calculate the concentration of coacervate polymer used for stock
solution.
Table 2.1: Stock coacervate and enzyme solutions used throughout this work.
Stock Concentration / mM Solvent pH
Poly-L-lysine hydrobromide (PLys) 200 Water 8
Adenosine 5-triphosphate (ATP) 100 Water 8
Carboxymethyl-dextran (CM-Dex) 1000 Water 8
Poly(diallyldimethylammonium) (PDDA) 1000 Water 8
ß-NAD+ 45 or 102 Water
Sodium formate 500 or 1000 Water
HEPES 5 Water 7.5
FDG 1 Water
Formate dehydrogenase (FDH) 10 or 45 U/ mL Water
ß-galactosidase (ß-gal) 248 U / mL Water
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Table 2.2: Lipid stock solutions used in Chapter 3 for production of GUVs using PVA swelling.




Table 2.3: Lipid stock solutions used in Chapter 3 for microfluidic production of GUVs.
Stock Concentration / mM Solvent
Egg PC 32 (25 mg/mL) Chloroform
Texas red DHPE 1 Chloroform
2.1.5 Buffers for giant unilamellar vesicle (GUV) production
A list of buffers used in Chapters 3 and 4 for the production of lipid vesicles is shown
in Table 2.4. The pH of solutions was adjusted by the addition of 10 mM NaOH. Final
osmolarities ranged between 200 to 240 mOsmol/kg. The osmolarity of the solutions
was measured with a cryoscopic osmometer, Osmomat 030 (Gonotec, Berlin, Germany)
by freezing point depression. Osmolarity of the outer solutions was adjusted using
either a 2.5 M glucose solution or water, to be within + 5 mOsmol/kg of the measured
inner solution.
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Table 2.4: Buffer solutions used for giant unilamellar vesicle production in Chapters 3 and 4.
Buffer Components pH
Inner Buffer 3.5 - 5 mM HEPES , 180 – 200 mM sucrose 11
Inner liposome solution
- CM-Dex/PLys









+ PLys/ATP + enzyme
Inner Buffer, 40 mM PLys , 10 mM ATP ,




+ PLys/ATP + enzyme
Inner Buffer, 0.1 or 0.005 U/mL FDH,
4 mM sodium formate , 0.45 mM ß-NAD+
11
Outer Buffer - Wash 2-5 mM HEPES, 200 - 240 mM glucose 11
Outer Buffer - Trigger 2-5 mM HEPES, 200 - 240 mM glucose 7.3
Enzyme reactions buffer 60 mM Sodium phosphate 7
2.2 Methods
2.2.1 Coacervate droplet preparation
Four different coacervate droplet systems were prepared from the 4 coacervate polymers
as shown in Table 2.5.
Table 2.5: Mixtures of the four coacervate systems used in this work. Coacervates were prepared at a







Coacervate droplet dispersions were prepared by first diluting stock solutions of both
polymers to the same concentration, typically 25 mM in water for microscopy or kinetic
experiments with droplets and 50 mM for bulk phase preparation (Section 2.2.2).
Polymer solutions were then mixed together at a 4:1 (left-hand column/right-hand
column) volume ratio to give final concentrations of 20:5 mM, or 40:10 mM. A white
cloudy solution was produced on mixing of the coacervate polymers, indicative of
coacervate droplet formation.
2.2.2 Coacervate bulk phase preparation
Bulk coacervate phase was prepared for the CM-Dextran/PDDA or PLys/ATP coacervate
systems for experiments in Chapters 5 and 6. A 40 mL coacervate droplet dispersion
containing the polymers of choice was prepared in a 50 mL Falcon tube (Fig. 2.4). Dis-
persions were prepared at a 4:1 molar ratio and to final concentrations of 40 / 10 mM
in either 60 mM sodium phosphate buffer or water. Mixing the two coacervate compo-
nents resulted in a turbid solution of suspended coacervate micro-droplets. To separate
the turbid solution into two distinct phases, a dense coacervate phase and a dilute
supernatant phase, the solutions were spun at 4000 xg for 30 min until two distinct
clear phases could be seen.
The majority of the supernatant was removed and stored in the freezer, leaving around
1 mL of the supernatant layer on top of the coacervate bulk phase. Left over supernatant
and coacervate bulk phase were then transferred to a smaller 2 mL Eppendorf tube
and further centrifuged at 13200 rpm for 10 min or until the coacervate phase was
completely translucent. Remaining traces of supernatant were then carefully removed
with a pipette. A 40 mL preparation makes approximately 500 µL of coacervate phase.
2.2.3 Preparation of slides for droplet imaging
To prevent coacervates from wetting onto glass, coverslips were PEGylated prior to use.
To PEGylate, slides were stirred in a bath of toluene with PEGsilane (0.2%), activated
with concentrated HCL (0.08%) overnight at room temperature. Slides were then
washed twice with toluene, then ethanol and finally water, dried with compressed air
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Figure 2.4: Bulk coacervate phase preparation. An aqueous dispersion of coacervate droplets is first
prepared. These are then subsequently centrifuged at 4000 xg for 30 min to speed up the separation
process. The supernatant can then be carefully removed from the bulk coacervate phase.
and stored in sealed containers before use. PEGylated slides were then assembled into
capillary channels for imaging, as shown in Fig. 2.6. A 22 x 22 mm coverslip was
fixed onto a microscope slide using Norland optical 61 optical curving glue (Norland
Products Inc., Cranbury, USA), which was cured under UV light for 5 min. Two thin
parafilm strips the length of the coverslip were cut out and place on top. A PEGylated
18 x 18 mm coverslip was carefully placed on top of the parafilm in the centre of the
22 x 22 mm coverslip. The whole set up was then placed on to a hot plate preheated
to 60◦C and the glass above the parafilm gently pressed down to seal the coverslips
together, as the parafilm melts slightly before removing from the hot plate. Prior
to imaging, approximately 20 µL of sample was pipetted into the chamber and the
chamber sealed with Picodent Twinsil glue and allowed to dry.
Figure 2.5: Slide preparation for droplet microscopy. Schematic of top view of the slides used for
imaging. A 22 x 22 mm coverslip is fixed to a microscope slide using UV curing glue. Two parafilm
strips are then used to seal a PEGylated 18 x 18 mm coverslip on top. Approximately 20 µL is filled into
the capillary, which is then sealed with Picodent Twinsil glue before use.
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2.2.4 Preparation of FITC tagged enzymes
Proteins were labelled with fluorescein isothiocyanate (FITC) at a concentration of
10 mM in ethanol. 10 mg of FDH was dissolved in 0.1 M sodium carbonate buffer
(pH 9) at a concentration of 2 mg/ml. Whilst stirring the protein solution at 37 °C,
FITC was added stepwise in 5 µL aliquots to a final volume of 20 µL for every 1 ml
of protein solution. The solution was dialyzed for 2 hours in 5 L of Milli-Q water and
then overnight in another 2 L of Milli-Q to remove any excess FITC. The tagged protein
was stored in aqueous solution at -20 ◦C until use.
2.2.5 pH-controlled assembly of coacervates in giant
unilamellar vesicles
The following methodology has been published in Love et al. [121]. Results using this
method will be presented in Chapter 3 and 4.
2.2.5.1 PVA assisted swelling of GUVs with encapsulated polymers
Giant vesicles were prepared via PVA assisted hydration methodology as outlined in the
Introduction section 1.5 and shown in Fig. 2.6. Either 24 x 60 mm a glass cover slip or
a microscope slide were cleaned with ethanol and water and dried thoroughly with air.
When dry, 50 µL of a 4% (w/v) PVA solution in Milli-Q water was spread onto three-
quarters of a glass microscope slide using a pipette tip and incubated on a hot plate at
40 ◦C for 20 mins to dry the PVA. The temperature of the hot plate was increased to
55 ◦C for another 10 minutes to ensure that the PVA film was completely dry. Next,
2.5 µL of a 4 mM lipid in chloroform solution containing POPC:Cholesterol:DiD at a
molar ratio of 90 : 9.7: 0.3 respectively, was distributed onto the PVA film using a glass
Hamiltonian syringe by gently running it over the surface of the PVA. The slide was
subsequently left under vacuum for at least 1 hour to remove excess chloroform.
A chamber was assembled around the dried lipid and PVA film by placing a 1.5 mm
thick Teflon spacer made in house, with a 1 mm diameter hole, on top of the PVA.
A cleaned glass coverslip was placed on top of the spacer and secured with bulldog
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Figure 2.6: Schematic of PVA assisted swelling of GUVs. A. Schematic of the protocol used for PVA
assisted swelling. A layer of 4% PVA in water is spread onto a glass slide and dried for 30 min. 2.5 µL
of a 4 mM lipid solution in chloroform (POPC:Cholesterol:DiD at a molar ratio of 90 : 9.7: 0.3) is then
spread onto the PVA and dried under vacuum for at least 1 hour. The Teflon chamber is assembled and
secured with bulldog clips, inner swelling buffer is injected and GUVs are left to swell for 30 min before
harvesting. B. Picture of the swelling set up.
clips. The chamber was filled with approximately 600 µL of one of the inner sucrose
solutions described in Table 2.4 and left in the dark at room temperature for 30 min, to
allow hydration and swelling of the lipid film and the formation of lipid vesicles. GUVs
were harvested by gently tapping the bottom of the chamber, then carefully pipetting
the solution from the chamber into an Eppendorf tube. Typically, samples were used
within 24 hours, but were stable at 4 ◦C for up to a month.
2.2.5.2 Reversible pH-triggered coacervation in GUVs
100 µL of the lipid vesicle solution was loaded into a chamber formed from an 8 well
bottomless µ-Slide with a self-adhesive underside (Ibidi GmbH, Germany) attached
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to a PEGylated 24 x 60 mm glass coverslip. An additional 500 µL of the outer buffer
wash solution (pH 11, see Table 1.2) was added to the GUV dispersion. The solution
was then gently pipetted to mix and left for 15 mins to allow the lipid vesicles to settle
to the bottom of the chamber. After this time, an additional 300 µL of wash solution
was added and left to equilibrate for 5 mins. The vesicles were then washed by gently
exchanging the upper chamber solution with 200 µL of the outer wash solution (pH
11), at least 6 times, to remove excess coacervate polymers and reactants from the
outer solution.
Coacervation within the lipid vesicles was triggered by exchanging the same volume
(typically 200 µL) of wash solution (pH 11) for the trigger solution (pH 7.3) (See
Table 2.4), exchange of the buffer was repeated at least twice (400 µL) and up to four
times (800 µL). Samples were then imaged as coacervates formed over the following
hour (see Section 2.2.5.3). To initiate coacervate dissolution, the upper solution in
the chamber was exchanged for the outer wash solution (pH 11). At least 800 µL was
gently exchanged and the pH was allowed to equilibrate over 12 hours.
2.2.5.3 Image acquisition
To visualise GUV at each step of the methodology, imaging was carried out using
a Zeiss LSM 880 Airy inverted laser scanning confocal microscope equipped with a
Zeiss 40x/1.2 C-Apochromat DIC water immersion objective, a Zeiss 20x/0.8 Plan-
Apochromat air objective and a 32 GaAsP PMT channel spectral detector. FITC labelled
coacervates were imaged (λEX = 488 nm) by the 488 nm laser and emission wave-
lengths detected at λEM = 495-579 nm. The DiD labelled lipid membranes (λEX
= 644 nm) were excited with a 633 nm laser for excitation and emission wavelengths
were detected at λEM = 652-695 nm. NADH, the product of the formate dehydrogenase
reaction (λEX = 340 nm), was excited using a 355 nm DPPS UV laser and emission
wavelengths detected at λEM = 420-500 nm.
3D data was acquired using an Olympus IXplore IX83 inverted spinning disk microscope
equipped with a Yokogawa CSU W1 confocal scanning unit, an Orca Flash4 V.3 sCMOS
camera and controlled by CellSens software. Images were acquired using an Olympus
UPLXAP040x2 40x/0.95 NA air objective and an UPLSAPO100XS 100x/1.35 NA silicone
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oil objective. GUVs and coacervates were imaged with 640 nm and 488 nm laser
lines using a Coherent OBIS laser with band pass filters 685/40 nm and 525/50 nm
respectively (Semrock, IDEX health and science, USA). Imaging data was post-processed
using Fiji [122] and analysed using Matlab [123].
2.2.5.4 Microfluidic washing of GUVs
Chips were provided by the Robinson lab from the Max Planck Institute of Colloids
and Interfaces in Potsdam and prepared as described in [124]. The device consisted of
rows of net traps, into which GUVs were flown and subsequently caught. A reservoir
is assembled in the inlet channel into which a sample can be loaded and the outlet
attached to an empty 1 mL syringe loaded in a syringe pump system (Dolomite, UK).
Before use, 100 mL of 20 mg/mL BSA solution was loaded into the reservoir and the
chip spun at 9000 rcf on a well plate centrifuge for 15 minutes and then left for an
hour. The reservoir was then washed by exchanging the solution with 90 µL of outer
wash buffer (pH 11), 7/8 times with a pipette.
Wash buffer was then sucked through at 20 µL /min until 90 µL was flushed through.
The flow was stopped and 90 µL of the PVA swelled GUVs were loaded into the chips
reservoir. GUVs were then sucked through at 10 µL /min until traps were full, loading
more GUVs if needed. Flow was reduced to 2µL /min and more wash buffer at pH 11
added to clean the system. Coacervation was then triggered by flowing in outer trigger
buffer (pH 7.3). Imaging was undertaken using the Zeiss LSM 880 Airy inverted laser
scanning confocal microscope as described above.
2.2.6 Microfluidics assembly of coacervates in GUVs with pH
The microfluidic chips used were designed and made in the Robinson lab. The design
itself was adapted from previous work of Petit et al. [125] and consist of two consecutive
cross-junctions in a flow-focusing configuration that generates w/o/w double-emulsion




2.2.6.1 Use of double-emulsion microfluidic device
Giant vesicles were produced using a chip design with two consecutive cross-junctions
in a flow-focusing configuration that generates w/o/w double-emulsion droplets. The
inner solution and the outer solution were used as described in Table 1.4, but with the
addition of 2 % pluronic in the outer solution at pH 11 to stabilise the GUVs formed.
The middle solution was an oil phase comprised of Egg PC lipids dissolved in 1-Octanol.
The middle solution was prepared by drying the required volumes of stock solution of
Egg PC dissolved in chloroform (final concentration of 6.5 mM) and Texas RED DHPE
dissolved in chloroform ( final concentration 0.008 mM Texas Red DHPE) (see Table
1.3) in a glass test tube under nitrogen for 15 mins, then left under vacuum for 1 hour.
Dried lipid films were then dissolved in 1.5 mL of 1-octanol by sonicating at 37◦C in a
water bath for 1 hour. Solutions were stored at room temperature and used within 24
hours.
The three fluid phases were controlled using three Mitos pressure pumps (Dolomite,
Royston, UK). Target pressures were 70-80-100 mbar for the inner-middle-outer solu-
tions respectively. Pressures were adjusted until a constant flow of droplets were seen
that pinched off at the second junction. Once a stable flow was achieved vesicles were
collected into micro-centrifuge tubes before imaging (see Section 2.2.6.3).
Figure 2.7: GUV formation in microfluidics via a double-emulsion. A. Cartoon of the double cross
junction device used in this work. A simple emulsion is formed at the first junction forming a single
bilayer. The droplet is then further encapsulated in an emsulsion at the second junction. Left over oil
dissolves into the aqueous solution leaving a bilayer. B. Corresponding bright field image of the device
and GUV production Scale bar = 100 µm.. Adapted from [121].
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2.2.6.2 pH-triggered coacervation in GUVs
GUVs prepared as explained in Section 2.2.6.1 were pipetted onto home-made capillary
slides formed from a 22 x 22 mm BSA coated coverslip mounted onto a parafilm channel
on a 22 x 75 mm microscope slide as shown in Fig. 2.6. 15 µL of the GUV dispersion was
loaded into the chamber, imaged using fluorescence widefield microscopy. Coacervation
was initiated by flushing at least 7 µL of pH 7 buffer into the channel. The capillary
channel was sealed completely with Picodent Twinsil speed curing silicone and images
were taken every 5 minutes for 15 hours.
2.2.6.3 Image acquisition
Samples were imaged using a Zeiss Aziovert 200M inverted widefield microscope
equipped with a 16 channel CooLED pE-300-W and ANDOR ZYLA fast sCMOS camera
and imaged using 10x air objective (10x/0.3 Plan-Neofluar, Air, Ph1, Zeiss). FITC
was imaged using a 470 nm broad spectrum LED for excitation through a GFP/Alexa
488/FITC filter set (excitation bandpass 449-489 nm, dichroic longpass 497 nm, emis-
sion bandpass 502-549 nm). Texas Red DHPE in the lipid membrane was imaged
using a 550 nm broad spectrum LED for excitation through a ROX filter set (excitation
bandpass 575 ± 15 nm, beam splitter HC BS 596, emission bandpass 641 ± 75 nm).
2.2.7 Fluorescence recovery after photobleaching
Fluorescence recovery after photobleacing (FRAP) was carried out in Chapters 3 and
6. Experiments were undertaken using an Andor spinning disk confocal microscope
equipped with a FRAPPA system and samples were imaged using a 60 x oil immersion
objective (60x/1.2 Plan Apochromat VC, Water, DIC, NIKON). Bleaching was achieved
using a 405 nm diode laser at 100% power, and the sample was imaged using a 488 nm
DPSS laser for excitation of the FITC dye at λEX = 488 nm and emission detection at
λEM = 500-590 nm. A reduced frame of 4 x 512 dexels was used so that a fast frame
rate of data could be acquired at a rate of 4 frames ms−1. 20 pre bleach images were
acquired and the sample was then imaged for a subsequent 3 minutes after bleaching.
Analysis of data was carried out using a custom-made Matlab script.
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Fluorescence intensity as a function of time was recorded for 4 ROIs i) the bleached
region ii) the whole bleached droplet iii) a reference droplet and iv) a background area
as shown in Fig 2.8. A Fiji script was used to extract raw fluorescence data which was
then normalized as detailed below.
2.2.7.1 Normalisation
The raw fluorescence data was normalised in accordance with previously published
methods [126,127]. A double normalization was implemented, which corrects firstly for
bleaching and photo damage by normalising against the background and the reference
droplet. The data is then further normalised by dividing the corrected fluorescence by
the fluorescence of the whole droplet.
The first normalisation step corrects for the background:
Bleachcor r = bleachregion− background
Wholedropcor r = wholedroplet − background
Re f dropcor r = re f erence− background
The second normalisation step corrects for the bleaching from the reference droplet
then normalises to the pre-bleach fluorescence:
Bleachcor r = Bleachcor r − Re f dropcor r
Bleachcor r = Bleachcor r/mean(Bleachpre,cor r)
Wholedropcor r =Wholedropcor r − Re f dropcor r
Wholedropcor r =Wholedropcor r/mean(Wholedroppre,cor r)
2.2.7.2 Diffusion coefficient calculation
More than 15 experiments were acquired per system. For each experiment the nor-
malised data was fitted to a double exponential curve to obtain the time constants for














+ C t ≥ t0
(2.1)
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Figure 2.8: FRAP data acquisition and normalisation. A. Microscopy image of a FRAP region of
interest with the bleach region (red), whole droplet (orange), reference droplet (dark blue), and
background (light blue) ROIs indicated. Scale bar = 5 µm. B. Raw fluorescence data of each ROI over
3.5 minutes before data processing. C. Background is then subtracted from each curve. D. The bleach
region and whole droplet data is then divided by the reference droplet to correct for photobleaching. E.
The data is normalised by the by pre-bleach frames. F. The bleach region data is then divided by the
whole droplet data, to give a FRAP recovery that is relative to the whole droplet fluorescence
Fitted constants were then converted to diffusion constants using the following equation





The diffusion constants of each experiment were averaged to give a mean diffusion
coefficient with a 95% confidence interval. The confidence interval is calculated from
the t-distribution for 95% confidence multiplied by the standard error of the mean.
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2.2.8 Partition coefficient measurements
This method will be discussed in Chapter 5. 90 µL of CM-Dex/PDDA coacervate
microdroplet dispersion was prepared by mixing 3 µL (Vcoa) of prepepared bulk phase
(6:1 ratio, 60 mM sodium phosphate buffer, pH 7) with 87 µL (Vsup) of supernatant.
NAD+ or NADH were loaded into the dispersion to a concentration of 600 µM. The
sample was left to equilibrate for 10 minutes, then centrifuged for 10 min at 13200 rpm
to separate the two phases. The supernatant was then carefully removed and transferred
to an empty tube.
87 µL of fresh supernatant was then added to the substrate-containing coacervate
phase and 3 µL of fresh bulk coacervate phase was added to the substrate-containing
supernatant, so that both tubes contained coacervate solutions to a final volume of
90 µL. Coacervate microdroplets were then dissolved by adding 9 µL of NaCl (5
M). 50 µL of each sample was then transferred into a black quartz cuvette and the
absorbance measured using a TECAN spark 20 M well plate reader spectrophotometer
(Tecan AG, Männedorf, Switzerland) at λ = 250 nm for the NAD+ and λ = 340 nm
for the NADH. The partition coefficient was then obtained using the equation below,
where Abs is the absorbance of each phase and V is the initial volume:
Figure 2.9: FRAP data analysis. The graph shows the normalised FRAP data of 15 different experi-
ments.Each data point is indicated by a light grey ring. The mean of these experiments is shown in in
dark grey, with the standard deviation in orange and the 95% confidence interval in yellow.
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2.2.9 Enzyme kinetics assays
Enzyme kinetics of formate dehydrogenase and β-galactosidase were measured in
solution, in bulk coacervate phase and in droplets using a TECAN spark 20 M spectro-
photometer. Typically, all components except the enzyme were premixed at the desired
concentrations to a final volume of 20 µL and initiated by the addition of the enzyme.
15 µL of sample was then loaded onto a 384-well plate (microplate, PS, Small Vol-
ume, LoBase, Med. binding, Black, Greiner Bio-one) which was then covered with a
translucent adhesive plastic cover to prevent evaporation. Fluorescence was recorded
at intervals between 5 s - 1 min and recorded for a minimum of 30 min and a maximum
of 5 hours.
The activity of the formate dehydrogenase reaction was followed by measuring the
increase in fluorescence of the product, NADH, over time. NADH was excited at λEX =
338 nm and emission collected at λEM = 460 nm, with a 5 nm bandwidth, at 25 ◦C.
The activity of the β -galactosidase reaction was followed by measuring the increase in
fluorescence of the product, FITC, over time. FITC was excited at λEX = 488 nm and
emission collected at λEM = 560 nm, with a 5 nm bandwidth, at 25 ◦C).
2.2.9.1 Calibration of fluorescence
Calibration curves were measured to convert fluorescence into concentration. Known
concentrations of NADH and FITC were measured in buffer and in CM-Dextran/PDDA
coacervate bulk phase and PLys/ATP bulk phase using sequential dilution. Data from
triplicate experiments are shown in Fig. 2.10. An exponential function of form y =
A+ Becx was fitted to the NADH data and a linear fit to the FITC data. For NADH,
calibration curves were different in buffer and the coacervate bulk phase. However,
the calibration for FITC the same in each environment.
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Figure 2.10: Calibration curves for NADH and FITC. A. Calibration curve for NADH fluorescence
against concentration. An exponential function of form y = A+Becx was fitted to the data. B. Calibration
curve for FITC concentrations. A liner function was fitted to data. Data shows the mean and standard
deviation of triplicate experiments.
2.2.9.2 Initial rate calculations
In Chapter 5, a single exponential growth equations of the form shown below was
fitted to the kinetic profiles,
f (t) = A − B e
t
−τ (2.4)
where A is the max concentration, B is the amplitude of the exponential, t is the time
in minutes and τ is the fitted time constant in minutes. Differentiating Eq. 2.4 enables





2.2.9.3 Bulk and supernatant phase preparation for kinetic comparisons with
microfluidics
From known partition coefficients and volume fractions, the exact starting concentra-
tions of FDH and NAD+ in the coacervate and supernatant phase in the microfluidics
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experiment were calculated (Table 5.3). Experiments in the uncoupled bulk coacervate
and supernatant phase were therefore prepared at the same concentrations. The par-
tition coefficient of sodium formate was not measurable with fluorescent techniques
therefore was pre-partitioned into coacervates.
To this end, 75 µL of bulk coacervate phase (see Methods 2.2.2) was mixed with 2175
or 1875 µL of bulk supernatant to achieve the volume ratio observed in microfluidic
emulsions. The volume ratio of each phase was determined by image analysis and
defined as 1:29 for CM-Dex/PDDA coacervates and 1:25 for Plys/ATP coacervates.
Sodium formate at 50 mM was used to dilute the CM-Dex/PDDA system 0.63 times, and
Plys/ATP by 0.47 times, (mimicing the pico injection from the microfluidics methodol-
ogy) with a final sodium formate concentration of 18.5 and 26.5 mM respectively. The
solution was mixed, left for 10 mins to equilibrate, then centrifuged at 13 200 rpm for
15 min to form two separate phases (a coacervate phase and a supernatant phase).
The supernatant was carefully pipetted off to obtain bulk coacervate and supernatant
phases. Appropriate volumes of stock enzyme and substrates were then added to 75 µL
of bulk coacervate or supernatant to achieve the respective final concentrations shown
in Table 5.3. The reaction was initiated by the addition of the enzyme, mixed and
then 15 µL of the coacervate phase was loaded onto a well plate and the fluorescence
measured.
2.2.10 Michaelis-Menten assay
Assays were undertaken in 60 mM sodium phosphate buffer and in CM-Dex/PDDA bulk
phase in Chapter 5. In the case of reactions in bulk phase, pre-prepared bulk coacervate
phase replaced the volume of the buffer. High concentrations of stocks were used so
that a minimum volume of liquid would be added to the coacervate phase on mixing,
normally less than 5 in 75 µL. Samples were mixed at the desired concentration and
the reaction initiated with the addition of enzyme. Reactions were then loaded onto
the TECAN spark 20 M spectrophotometer and data recorded as described above.
Data was converted to concentration using the calibration curves shown in Fig. 2.10.
Initial rates of reaction were calculated from the gradient of a linear fit to the first
25 time points of each kinetic curve. Rates were then plotted against initial substrate
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concentration and the Michaelis-Menten equation(See Introduction section 1.6.3, Eq.
2.3) was fitted to the data using a self written Matlab script, as shown in Fig. 2.11.
Vmax , KM and Kcat/KM values were extracted from the fit.
2.2.10.1 Formate dehydrogenase
Samples were prepared with FDH at 0.05 U/mL (1.35 µM) and a NAD+ at 0.6 mM
was used while the formate concentration was varied from 0.5 - 40 mM in the buffer
and 0.5 - 160 mM in the coacervate, to a volume of 75 µL. Other studies have shown
the KM of NAD
+ to be between 0.04 and 0.09 mM therefore 0.6 mM was assumed to
be in excess [129,130].
2.2.10.2 β-galactosidase
Samples were prepared with FDG concentrations between 1 - 300 µM in buffer and
between 1 and 77 µM in CM-Dex/PDDA coacervate phase (higher concentration in
the coacervate phase was not possible due to the limiting solubility of the FDG). The
concentration of β -galactosidase was kept constant at 3.3 U/mL (53.7 nM).
Figure 2.11: Graphical example of a Michaelis-Menten experiment. Time course experiments with
increasing concentrations of substrate. A linear function is fit to the initial 25 time points of the reaction
and the initial rate extracted from the gradient of the slope. The initial rates are then plotted against





Currently, realisations of synthetic cells with features of membrane-bound and mem-
braneless compartmentalisation are limited. A method for the in situ formation of
coacervates in lipid vesicles would therefore demonstrate a step forward in the func-
tional capabilities of synthetic cells. Herein, we demonstrate that by exploiting the
intrinsic pKa of the polycation polylysine (PLys), we reversibly control coacervation
in giant unilamellar vesicles (GUVs) via modulations in external pH. PLys is encap-
sulated with either carboxymethyldextran or ATP in a diffuse state at pH 11 and
phase separation initiated on acidification to pH 9. An encapsulation efficiency of
100% resulted in the facile production of heterogeneous populations, where coacer-
vate volume was directly correlated to the volume of the host GUV. Furthermore, the
method is easily transferable to microfluidics validating its flexibility and also enabling
the production of homogeneous populations of hybrid synthetic cells. In conclusion,
this work establishes a tunable, dynamic and pH-controlled synthetic cell, expanding
the tools available to synthetic biologists and providing a suitable minimal model of
membraneless compartmentalisation in biology.
Parts of this work have been published in: Celina Love, Jan Steinkühler, David T. Gonzales, Naresh
Yandrapalli, Tom Robinson, Rumiana Dimova, and T.-Y. Dora Tang. “Reversible pH-responsive coacervate
formation in lipid vesicles activates dormant enzymatic reactions”. Angew. Chem. Int. Ed., 2020, 59,
5950.
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3.1 pH-regulated encapsulation of coacervates in
GUVs
To develop a hybrid synthetic cell with features of both membraneless and membrane-
bound compartments, coacervate droplets must be encapsulated inside liposomes. To
date, previous studies have shown that coacervates can be successfully encapsulated
within GUVs using microfluidics. Here, coacervate polymers were either directly encap-
sulated into GUVs with immediate onset of coacervation [24], or a single component
was encapsulated and phase separation triggered with the external addition of the
second component which diffused into the liposome via membrane pores [74]. We
however wished to develop a new method monopolising on the pH sensitivity of coac-
ervates as explained in the Introduction, section 1.4.1. This method would enable the
in situ formation of coacervates from pre-encapsulated polyelectrolytes, via an external
chemical trigger. Initially studies focused on bulk rather than microfluidic methods, as
these avoid the use of oil, which can become trapped in the membrane changing the
properties and hindering the reconstitution of membrane proteins, which is desirable
for future realisations of functionalised minimal cells.
Understanding that pH-control was reliant on the presence of a weak acid or base, we
chose a coacervate system based on the polycation polylysine (PLys). Lysine is an amino
acid with an amine side chain that is positively charged when protonated. The normal
pKa of the amine group in water is approximately 10.5 [131], so that below 10.5
the group is positively charged and above 10.5 is deprotonated and becomes neutral
(Fig. 3.1A). We then selected two polyanions, CM-Dextran or Adenosine Triphosphate
(Fig. 3.1B) which had already been shown to form coacervates with PLys [62]. At
pH less than 10.5 PLys is charged and forms coacervates with either CM-Dex or ATP.
However, when the pH is raised above 10.5 coacervation is inhibited as the amine
groups are uncharged and thus unable to undergo phase separation via electrostatic
attraction (Fig. 3.1C). GUVs could therefore be prepared with soluble polymers at pH
11 and coacervation subsequently triggered with a reduction in pH (Fig. 3.1C).
GUVs were formed using a PVA assisted swelling method adapted from Weinberger et
al. [98]. This method was selected due to its aqueous conditions, high yield of GUVs
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Figure 3.1: pH-controlled coacervate formation. A. Polylysine (PLys) switches between a cationic
polymer to an uncharged polymer at its pKa of pH 10.5. B. Negatively charged coacervate components
carboxymethyl-Dextran (CM-Dextran) and adenosine triphosphate (ATP) that undergo electrostatic
attraction and coacervation with positively charged PLys at pH 9. C. Cartoon showing switching from a
single phase soluble solution (pH 11) to a phase separated coacervate state (pH 9). D. Cartoon depiction
of pH-controlled formation of coacervates in GUVs. Adapted from Love et al. [121].
and good encapsulation efficiency. Details of the method are outlined in the Methods
Section 2.2.5. In short, a lipid solution (POPC:Cholesterol:DiD, final concentration
4 mM at a molar ratio 90:9.7:0.3) was dried onto PVA. Lipids were then hydrated
in an inner sucrose buffer solution containing PLys (40 mM) and ATP (10 mM), or
PLys (40 mM) and CM-Dextran (10 mM) at pH 11 (see buffer table 1.4 for details)
at room temperature in the dark for 30 minutes. In order to visualise the coacervate
components, the coacervate mixture was doped with 0.25% (v/v) FITC-tagged PLys,
or FITC-tagged CM-Dextran. After swelling, GUVs were then harvested with gentle
pipetting and transferred to an observation chamber for imaging using a laser scanning
confocal microscope.
When imaged directly after swelling, confocal images showed fluorescent GUVs, with
FITC tagged PLys distributed both inside and outside of the lipid vesicle, showing
that coacervate components were present inside and outside the GUVs (Fig. 3.2A).
Upon reduction of the pH from 11 to 9, coacervates formed initially outside the GUVs
(Fig. 3.2B). This was problematic as coacervates tended to interact with GUVs causing
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Figure 3.2: Un-washed GUVs with internal and external coacervate components. Ai. Confocal
cross-section showing POPC/cholesterol lipid vesicles doped with DiD dye (magenta) containing PLys
and ATP (40/10mM) doped with 0.25% FITC-PLys (cyan) at pH 11. Scale bar = 10 µm. ii. Normalised
intensity profile from the confocal image across the dotted white line. FITC-PLys intensity is similar
inside and outside of the lipid vesicle. B. Confocal cross-section showing coacervates that have formed in
the external solution after the reduction in pH to 9. Scale bar = 10 µm. Adapted from Love et al. [121].
membrane bending, unwanted sticking of adjacent GUVs and in general obstructed
the visualisation of coacervates inside the GUVs. An example is shown in Appendix,
Fig. 8.1. The interaction of droplets with membranes is an exciting area of research, as
it is thought that phase separation could be important for endocytosis and membrane
signalling [104,132,133], however it is not within the scope of this work.
To prevent unwanted external coacervate formation, GUVs needed to be washed. This
was done with the careful exchange of the upper solution in the observation chamber
for an iso-osmolar outer glucose buffer at pH 11 (see buffer Table 1.4) (for details see
Material and Methods section 2.2.5). It was vital that the wash buffer solution was
osmotically balanced to prevent rupturing of GUVs. Successful washing was observed
when the external FITC signal was less than 50% of the internal signal, which could be
visualised with intensity plots (Fig. 3.3A).
Once the external solution was clean of excess polymers, coacervation was then induced
within the GUVs by lowering the pH below that of the pKa of the PLys. The pH was
reduced to between 9-8.5 by exchange of the external solution with an iso-osmolar
glucose buffer at pH 7.3 (Buffer Table 1.4). As a result, a pH gradient was established
across the GUV membrane causing an imbalance in the chemical potentials of the
internal and external environment, generating a flux of protons and hydroxyls across
the membrane until the pH was equilibrated [134]. Though it is often assumed
that phospholipid membranes are impermeable, protons have a high permeability
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(1.7 ± 0.4 x 10-4 cm/s) when compared to other ions (sodium = 10-11 cm/s) [135].
This greater permeability is thought to occur by proton exchange along a network
of hydrogen bonded molecules through the hydrophobic bilayer. The permeability is
essential for this methodology, as it allowed the transduction of protons through the
bilayer, while coacervate polymers remained encapsulated within.
When samples were imaged directly after pH reduction, multiple small droplets inside
the GUVs with increased fluorescence intensity were observed due to the concentration
Figure 3.3: In situ formation of PLys/ATP coacervates in lipid vesicles by a reduction in pH. A.
Confocal cross-sections of GUVs at pH 11 after washing the outer solution with iso-osmolar pH 11 buffer
solution. GUVS are made from POPC/Cholesterol and contain PLys and ATP at a 4:1 molar ratio. The
corresponding intensity profile is shown below (DiD fluorescence (magenta) and FITC-PLys fluorescence
(cyan)). Fluorescence intensities were normalized by the maximum values. Scale bar = 5 µm. B.
Confocal max projections of the formation of PLys/ATP coacervates (cyan) in washed GUVs (magenta)
over 60 mins after changing the pH from 11 to 9. Images show the same lipid vesicle. Scale bar = 5
µm. C. GUV at pH 9, after the addition of iso-osmolar pH 7.3 buffer and corresponding intensity profile.
Scale bar = 5 µm. Adapted from Love et al. [121].
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of PLys in the droplets. These small droplets diffused inside the GUVs and coalesced on
meeting, ultimately forming a single coacervate droplet in each GUV (Fig. 3.3B). This
usually sank to the bottom due to the increased density of the coacervate (Fig. 3.3C).
This process of nucleation and growth is characteristic of coacervate formation in
compartments [25,74], and took place over the course of tens of minutes. Nucleation
and growth of coacervates was sped up with stronger pH gradients, however a gentler
gradient with slower coacervate growth was better for the integrity of the GUVs, which
had a propensity to burst in stronger pH gradients.
An intrinsic property of many membraneless organelles is their ability to form and then
dissolve in response to external signals [39]. Indeed, the loss of this reversibility is often
associated with disease phenotypes [46]. We therefore set out to see if our system could
replicate this feature. To dissolve coacervates, the electrostatic interactions needed
to once again be annulled. The external pH was once again increased to 11 with the
exchange of solution for pH 11 wash buffer.
At pH 11 the amine group is once again deprotonated and the electrostatic attraction
between the coacervate molecules is annulled, thereby dissolving the coacervates.
Complete dissolution took place over approximately 12 hours and confocal cross-
sections showed a transition of the FITC fluorescence from a localised droplet, to a
homogeneous distribution throughout the GUV as observed prior to the first pH-switch
(Fig. 3.4A). These results show that we had successfully designed a hybrid and dynamic
synthetic cell, with coacervation that could be reversibly triggered in GUVs with a
pH-switch.
To further confirm the generality of the method, the protocol was also tested with
CM-Dextran/PLys coacervates. The method was directly transferable and coacervates
formed in GUVs at pH 9 and once again dissolved at pH 11 (Fig. 3.4B). This highlights
the versatility of the method, which is dependent only on the pKa of one of the
coacervate components, rather than the chemical forms of the molecules themselves.
This is a great advantage as the method is then applicable to all coacervate systems
with weak acid/base moieties. The pH-switch must only be tuned to the specific pKa.
Finally, to validate that the coacervation process was indeed taking place between
the PLys and its positively charged counter electrolyte (ATP of CM-Dextran), control
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Figure 3.4: Coacervates reversibly dissolve with an increase in pH to 11. A. POPC/cholesterol GUVs
containing PLys/ATP (40 mM/10 mM) at pH 9 and a GUV with diffuse PLys and ATP after returning to
pH 11. Scale bar = 5 µm. B. Max projection of POPC/cholesterol GUVs containing a CM-Dextran/PLys
(40 mM/10 mM) coacervates at pH 9 and a confocal cross-section of a GUV after returning to pH 11
and the coacervate droplets dissolve. Scale bar = 5 µm. Images do not show the same GUV but are
from the same sample. Adapted from Love et al. [121].
experiments with PLys alone encapsulated in GUVs were performed. Upon encapsu-
lation at pH 11, the fluorescence from the FITC-PLys was diffuse within the GUV, as
was expected (Fig. 3.5A). Upon acidification to pH 9, no change was observed in the
distribution of the fluorescence (Fig. 3.5B). This confirmed that the liquid droplets
in the GUVs form due to the electrostatic attraction and subsequent phase separation
between PLys and its counter electrolyte.
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Figure 3.5: Coacervates do not form with only encapsulated PLys. Control experiments of GUVs
encapsulating just PLys doped with 0.25% FITC labelled PLys A. Confocal images of a GUV that was
washed at pH 11 with its corresponding intensity profile. B. GUV after the pH was reduced to 9. No
coacervates form without a negatively charged partner macromolecule encapsulated in the GUVs. Scale
bar = 5 µm. Adapted from Love et al. [121].
3.1.1 GUV buffer exchange with net traps
As well as washing by hand, using a microfluidic set up to wash GUVs was also explored.
Designs were used that enable the high capacity trapping of giant vesicles using net
like traps [124] and the easy flushing of the outside environment of GUVs in a matter
of seconds (Methods section 2.2.5.4). The net like traps also allow for the trapping of
a large number of vesicles, which is useful for imaging a whole population of GUVs at
once.
The device consists of an array of 12 x 17 net like traps, composed of 20 x 20 µm PDMS
pillars spaced around 10 µm apart. GUV dispersions are deposited in a chamber on
the inlet channel and sucked into the channels with a syringe pump in withdraw mode.
The chamber allows large volumes of GUV dispersions to be sucked through to fill up
multiple traps (Fig. 3.6A). The outer solution is then washed by exchanging the fluid
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in the chamber as it is sucked through. Fig. 3.6B shows a net trap filled with GUVs
containing PLys/ATP at pH 11 before and after a buffer exchange. The excess polymers
are easily flushed away as shown by the removal of fluorescence from the background.
A lower pH solution is then flushed through to trigger coacervate formation (Fig. 3.6C).
Though the technique was useful for the washing of GUVs, it was also very easy to
block the flow through the channels as solutions of GUVs often contained excess PVA
which jammed in between the traps. The implementation therefore requires more
development, or could also be used with GUVs produced with microfluidics as discussed
later on in this chapter. However, it is definitely an interesting direction for future
development of the pH-switch methodology as it would provide more instantaneous









Figure 3.6: Microfluidic washing of GUVs. A. The microfluidic device consists of multiple PDMS traps
into which GUVs are flown. Ai,ii. Bright field image of the device and corresponding fluorescence image
once GUVs have been flushed into the traps. Scale bar = 100 µm. Aiii. Max projection of a single trap
containing POPC/Cholesterol GUVs with sucrose. Scale bar = 20 µm. B. Single trap containing GUVs
with PLys/ATP at pH 11, before and after washing Scale bar = 20 µm. C. Coacervate formation in GUVs
after the pH is reduced. Scale bar = 10 µm.
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3.2 FRAP analysis of coacervates in GUVs
After successfully establishing a method for the reversible formation of coacervates
in GUVs, it was important to test the properties of the coacervate droplets. One of
the quintessential features of coacervates and of liquid droplets in general, is their
liquid-like structure that enables them to dynamically rearrange their components [106,
136,137]. Characterising the diffusivity of the coacervate molecules would therefore
confirm if they maintain this characteristic feature despite the pH-switching method.
For this purpose, fluorescence recovery after photo bleaching (FRAP) experiments
were utilised, a routinely used technique for the characterisation of the recovery and
diffusion properties of proteins and of membraneless droplets [138,139]. The method
is described in the Materials section 2.2.7.
Hybrid synthetic cells were prepared as explained above (Fig. 3.7A). A spot of FITC-PLys
in the encapsulated coacervates was then bleached and the recovery observed over 3 s
(Fig. 3.7B). Raw data was normalised as explained in Methods Section 2.2.7, and a
recovery curve fitted to the normalised intensity profiles (Fig. 3.7C). Normalised FRAP
data showed 100% recovery with no immobile fraction, characteristic of the dynamic
nature of coacervate droplets [60]. The data was best described by a double rather
than single exponential recovery curve and fitting of the data gave a fast diffusion
constant of 2.4 ± 1.4 µm2/s and a slow constant of 0.4 ± 0.17 µm2/s.
The presence of two recovery timescales is insightful, as it implies that two populations
of PLys with different modes of recovery exist. FRAP recovery curves of Nephrin, Nck
and N-WASP clusters on supported lipid bilayers have also been shown to fit a double
exponential [104]. Here, the two recovery regimes were attributed to the lateral
diffusion of the protein on the bilayer in combination with binding and unbinding of
the protein between the membrane and bulk solution. One hypothesis is that because
the PLys is in excess, the two recovery time-scales observed are from a population of
PLys directly interacting with ATP and PLys that does not and therefore diffuses faster
in space. This hypothesis has not yet been tested, but could be done by changing the
molar ratio of the PLys and ATP and observing if there is a shift in the time-scale of the
recovery, or testing the recovery of PLys with different interaction partners. This topic
is further discussed in Chapter 6.
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Figure 3.7: FRAP experiments of coacervate microdroplets in lipid vesicles. A. GUV with encapsu-
lated PLys/ATP coacervate pre-bleach. Scale bar = 10 µm. B. Images of the coacervate at the bleaching
event and after 3 seconds when the fluorescence has completely recovered. Scale bar = 5 µm. C.
Corresponding FRAP recovery curves for PLys-FITC. The raw data (shaded grey), mean (dark blue)
and 95% confidence limit (light blue) from 16 experiments are shown. A double exponential curve
was fitted to the recovery profile to obtain a fast diffusion coefficient of 2.4 ± 1.4 µm2/s and a slow
coefficient of 0.4 ± 0.17 µm2/s. Adapted from Love et al. [121].
Importantly, FRAP recovery of coacervates encapsulated in GUVs were of the same
order of magnitude to those obtained from coacervate droplets formed under normal
conditions. For example, in Chapter 6 we measure the diffusion of FITC-tagged PLys in
PLys/ATP droplets in water to have a fast diffusion constant of 1.2 ± 0.02 µm2/s and
a slow constant of 0.63 ± 0.06 µm2/s. The slightly faster diffusion constant is most
likely due to the higher concentrations of salts in the inner GUV buffer compared to
water. Salts will disrupt the electrostatic interactions of the coacervates and result in
weaker interactions and therefore faster diffusion. In a separate study, the diffusion of
a small fluorescently tagged RNA substrate was measured to be 1.6 ± 0.1 µm2/s in
CM-Dex/PLys coacervates [106]. This confirmed that coacervates formed using the
pH-switch methodology were equivalent to those formed under normal conditions.
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3.3 Size analysis of hybrid synthetic cell
populations
Having established the protocol for in situ formation of coacervate microdroplets in
GUVs, the reproducibility and variability of the hybrid synthetic cells populations were
characterised. We have shown that the methodology is readily transferable between
two coacervate systems, PLys/ATP and CM-Dextran/PLys, therefore it was of interest to
examine the reproducibility between these populations. To this end, the size of GUVs
and their encapsulated coacervates were analysed.
In a first approach, we analysed confocal cross-sections of GUVs with coacervates
using a custom-written Fiji image analysis routine. Results from the segmentation of
hundreds of synthetic cells showed that the diameters of lipid vesicles varied from 2-30
µm and coacervates from 0.2 - 8 µm (Fig. 3.8A,B). Mean GUV diameter and standard
deviation for the CM-Dextran based system was calculated to be 10.4 ± 5.4 µm relative
standard deviation (RSD) RSD 65% and the mean coacervate diameter 2.3 ± 1.5 µm,
RSD 52%, n = 300 (Fig. 3.8A). The diameters of the PLys/ATP based coacervates were
very similar with a mean GUV diameter measured of 11.2 ± 4.2 µm, RSD 62% and a
mean PLys/ATP coacervate diameter of 2.1 ± 1.3 µm, RSD 38%, n = 120 (Fig. 3.8B).
A repeat experiment of the CM-Dextran system gave the same results within error (see
Appendix Fig. 8.2).
Linear fits of the coacervate against GUV diameters gave R2 value of 0.7 for the
CM-Dextran/PLys and 0.6 for the PLys/ATP system respectively (Fig. 3.8C). This
demonstrated that final coacervate size was correlated to that of the host GUV. On
formation of GUVs, coacervate polymers are homogeneously dispersed in the swelling
buffer. Encapsulation of coacervate material is thus dictated by the final volume of
the GUV. The diameter of a sphere is directly proportional to its volume, thus this
relationship is captured when diameters were plotted against each other. Results are
consistent with in vivo findings, where in a developing C. elegans embryo, maximum
nucleolar intensity (used as metric for nucleolar size) was seen to scale directly with
the size of the cell between the 8 - 64 cell stage [140]. Furthermore, the variance in
the populations of the vesicles and coacervates were compared by normalising the
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Figure 3.8: Size characterisation of CM-Dextran/PLys and PLys/ATP synthetic cells. A. Fluores-
cence confocal cross-sections of lipid vesicles containing CM-Dextran/PLys coacervates with FITC-tagged
CM-Dextran (0.5% (v/v)) and the corresponding histogram displaying the sizes of segmented GUVs and
coacervates B. Confocal cross-sections of GUVs containing PLys/ATP coacervates with FITC-tagged PLys
(0.25% v/v) at pH 9 and corresponding histogram. Scale bars = 10 µm. C. Scatter plot of coacervate
against vesicle diameters. Data shows a correlation between the size of vesicles and their internal coacer-
vates. Straight lines fitted to the data and gave R2 values of 0.6 (PLys/ATP) and 0.7 (CM-Dextran/PLys).
D. Violin plot of the relative diameters of each population (diameters normalized to the mean value).
The relative spread in size variation is similar for both lipid vesicles and coacervates and between the
two populations. Adapted from Love et al. [121].
diameters to the mean diameter of the population. Violin plots showed that the spread
of data between lipid vesicle sizes and their coacervates was very similar for both the
PLys/ATP and CM-Dextran/PLys system (Fig. 3.8D), showing that the formation and
encapsulation of material was not affected by the differences in chemical properties of
the coacervates.
However, a caveat to confocal cross-sections was that not all of the encapsulated
coacervates were captured while imaging. This results from the heterogeneous sizes
of GUVs and the higher density of the coacervates which caused them to sink thereby
moving them out of one plane of imaging. Indeed, from the data in Fig. 3.8 only 41%
of the CM-Dextran/PLys GUVs contained segmented coacervates and only 24% in the
case of PLys/ATP. Nonetheless, large numbers of GUVs were imaged meaning good
statistics on GUV sizes was still achieved. However, to confirm that mean sizes were
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accurate and to establish the true encapsulation efficiency, z-stacks of GUV populations
were acquired. A spinning disk confocal microscope was utilised to decrease the time
taken for the acquisition of large fields of view.
Synthetic cells containing PLys/ATP coacervates were imaged and reconstructed as
max projections for analysis (Fig. 3.9A,B). The mean diameter of the PLys/ATP coacer-
vates was measured to be 2.02 ± 0.96 µm (RSD = 48%), mean GUV diameter to be
10.25 ± 4.90 µm (RSD = 48%), n = 96 (Fig. 3.9B). Unsurprisingly, the deviation in
sizes decreased when accounting for the whole volume of the liposomes, as the true
diameters of GUVs and coacervates were always captured. It is particularly interesting
that the relative deviation of the coacervate and GUVs were equivalent, highlighting
the dependence of the coacervate size on the encapsulating GUV. R2 values of 0.9
from the linear fit of the coacervate against GUV diameters confirmed this dependence
(Fig. 3.9C). Most importantly, the mean diameter of GUVs and coacervates did not
change, confirming that data from confocal cross-section analysis was valid and also
confirming the reproducibility of the experimental procedure. Analysis of max pro-
jections also confirmed that 100% of GUVs contained coacervates, an encapsulation
efficiency higher than has been reported for some microfluidic methods [74].
3.4 Microfluidic encapsulation of coacervates in
liposomes
After developing the pH-switch in a bulk oil free methodology, we asked if it was
possible to transfer the method into microfluidics. There are many advantages to bulk
methodologies; for example they are cheap, easy to use and require little specialised
equipment. However, precise control over formation parameters is not possible resulting
in a heterogeneous range of size distributions. Although this may not always be a
negative characteristic, it may also be desired to produce a homogeneous population
of synthetic cells to enable testing of reactions in compartments of a reproducible size.
Indeed, the two other coacervate-in-GUV encapsulation methodologies are microfluidic
based [25,74]. A microfluidic method would also remove the wash steps required in
the bulk method, as inner and outer solutions are kept separate during formation.
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Figure 3.9: Size characterisation of synthetic cells using a spinning disk microscope. A. Max
projections of GUVs containing PLys/ATP coacervate droplets taken using an 100x and 40x objective
showed that 100% of GUVs contained coacervate droplets. Scale bar= 10µm B. Histogram of coacervates
and GUV diameters. Mean coacervate diameter 2.02 ± 0.96 µm (RSD = 48%), mean vesicle diameter
10.25 ± 4.90 µm (RSD = 48%), n = 96. C. Scatter plot of coacervate against vesicle diameters with a
linear fit R2 value of 0.9. Adapted from Love et al. [121].
To this end, GUVs were produced using a double-emulsion based microfluidics setup
to generate lipid vesicles. The device was made from PDMS using standard soft
lithography methods and had a double cross junction geometry as was previously
described by Petit et al. [125] (see Materials and Methods section 2.2.6. for details).
The inner buffer was prepared as before with diffuse PLys and ATP at pH 11 and was
flown through the 1st aqueous channel. At the first junction a constricted opening then
facilitates a pinching-off process to generate w/o simple emulsion droplets stabilised
by Egg PC, Texas red DHPE and Pluronic acid dissolved in 1-octanol.
Aqueous solution of the outer glucose buffer at pH 11 was simultaneously flown in at
the second junction, pinching off each droplet to form water-in-oil-in-water (w/o/w)
double-emulsion droplets (Fig. 3.10A). GUVs were collected in an Eppendorf tube,
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Figure 3.10: Microfluidic GUV production with encapsulated coacervate polymers. A. Cartoon
depicting the device used to produce lipid vesicles containing diffuse PLys and ATP at pH 11 and the
corresponding brightfield image. Scale bar = 100 µm. B. Fluorescence microscopy image of GUVs
produced encapsulating PLys and ATP at pH 11. Cyan fluorescence from FITC-tagged PLys (0.25%)
and magenta from Texas Red DHPE membrane dye (0.1%). Scale bar = 50 µm. Adapted from Love et
al. [121].
before re-injecting into a PEGylated observation channel (see Methods section 2.2.3).
No washing step was required as FITC fluorescence from the PLys was present only
within the GUVs (Fig. 3.10B).
Coacervation was then triggered with the addition of iso-osmotic outer trigger buffer
at pH 7.3 (Buffer Table 1.4). A minimal 7 µm volume of buffer was injected to
prevent large pH gradients (these are detrimental to GUV stability as discussed in
Section 3.1) therefore coacervation occurred slowly over a 15 h period (Fig. 3.11A).
Coacervates condensed gradually and only a single nucleation point was observed.
This was different from the bulk method disscussed here and in other studies [25,74],
where multiple nucleation droplets are observed on phase separation. It could be that
the channel geometry used in this experiment slowed the initiation of coacervation, as
the gradient had to diffuse through the channel rather than mixing in bulk.
However, when instead a larger volume of pH 7.3 was injected many of the GUVs
burst, but a different mechanism of coacervate formation was observed. Instead of a
single coacervate forming, multiple coacervates condensed simultaneously which then
fused together into a single droplet, like observed with the bulk method (Fig. 3.11B). A
stronger gradient would diffuse faster through the channel and across the membrane
causing multiple points throughout the GUV to be pushed into the two-phase state of
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Figure 3.11: Microfluidics produces homogeneous synthetic cells. A. Fluorescence microscopy
images showing GUVs encapsulating PLys and ATP after reducing the pH to 9 over 15 h. The concentrated
PLys-FITC fluorescence is indicative of the formation of coacervate droplets. Scale bar = 50 µm. B.
Coacervate formation when a stronger pH gradient is established. Scale bar= 5µm. C. Size quantification
of the lipid vesicles (mean diameter = 80 ± 12 µm, n > 220) and their encapsulated coacervates (mean
diameter = 20 ± 3 µm, n > 220). 100% encapsulation efficiency was achieved. Adapted from Love et
al. [121].
the phase diagram and condensing at multiple nucleation points, more like that which
is experienced in a bulk experiment. When a weaker gradient is applied, changes in
pH occur more slowly and diffusion and mixing inside the GUV likely leads to a single
nucleation point.
Using this device, we achieved a 100% encapsulation efficiency, while other microfluidic
approaches have only achieved 88% [74]. Lipid vesicles produced were larger and
more homogeneous in size compared to the swelling methodology, as expected with
microfluidic techniques (see Appendix Fig. 8.3). Mean GUV size was 80 ± 12 µm, with
a relative standard deviation (RSD) of 15% and the mean coacervate size was 20 ± 3
µm and a RSD of 15% (Fig. 3.11C). Bulk methods produced populations with RSD of
more than 50%.
These results demonstrate that the in situ pH-triggered coacervation in GUVs is achiev-
able with droplet-based microfluidics, producing synthetic cell populations
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with homogeneous sizes. The fact that the method is applicable to both bulk and
microfluidic techniques demonstrates its versatility and increases the range of applica-
tions for which it can be used in the future.
3.5 Chapter conclusions
We have presented a method for the encapsulation of coacervate droplets in cell-like
GUV containers using a biologically relevant pH-trigger. By exploiting the intrinsic pKa
of cationic PLys a responsive system is generated where coacervates are encapsulated
in a diffuse state and subsequently triggered to coacervate with an external reduction
in pH. We show that the coacervation is reversible, thereby recapitulating the dynamic
properties of membraneless organelles. The pH-switch does not affect coacervate
properties, with the droplets demonstrating diffusion coefficients similar to coacervates
produced using normal methodologies.
We demonstrate that the methodology is applicable to both PLys/ATP and CM-Dex/PLys
systems. This shows that the method is applicable to coacervates where at least one
component has a pH sensitive moiety. It would also be possible to design a system
where coacervation is instigated through an increase in pH, when the acidic component
rather than the basic acts as the switch.
The bulk methodology produced a heterogeneous population of GUVs and encapsu-
lated coacervates, with relative standard deviations around 50% or higher. Though a
heterogeneous population is often perceived as a negative aspect of a method, it allows
one to probe any effects that size may have on a system without undertaking further
experiments. The size of the coacervates was directly influenced by the size of the host
GUV due to the homogeneous solution of coacervate polymers that are encapsulated
at pH 11. Sizes of GUVs and polymers were consistent between coacervate systems
and experiments, demonstrating the reproducibility and robustness of the method.
3D imaging of synthetic cell populations also proved that 100% encapsulation was
achieved.
Looking towards improving the usability and functionality of the methodology, we
have further shown that the method can be easily transferred to microfluidics. Here,
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large numbers of homogeneous GUVs and coacervates could be produced. GUVs and
coacervates produced were roughly an order of magnitude larger than those produced
in the bulk method, but the relative standard deviation of the mean size decreased
by 30%. This opens up the possibility of also using the system for high throughput
experiments, which may be of interest when screening the properties of small molecule
uptake in coacervates, or for easily comparing reactions in statistically large population
of homogeneous synthetic cells.
In conclusion, we have used principles of bottom-up synthetic biology to develop a
multi-compartmental synthetic cell with features of membrane bound and membrane
free compartmentalisation. This novel method presents a step towards the future
development of a minimal cell, adding to the ever growing knowledge base.
This minimal system also represents an in vitro model with which features of membrane-
less organelles can be studied in a controlled and reduced complexity environment.
We will demonstrate this in the next chapter, where we utilise this hybrid synthetic cell





The data presented thus far can be seen as the development of an empty container. Cells
however are far from being empty and instead contain thousands of enzymes which
are constantly driving cellular biochemistry. It is therefore of interest to functionalise
the system with basic enzyme activity to recapitulate further life-like properties into
the synthetic cell. Furthermore, the addition of an enzyme enables the characterisation
of enzyme dynamics in a dynamic hybrid cell. Therefore, in this chapter we will focus
on the activation of the synthetic cell with the enzyme formate dehydrogenase. Due to
the the intrinsic properties of the coacervates, we show that the enzyme is passively
sequestered into the coacervate droplet, increasing its local concentration. We exploit
this property and demonstrate that pH-triggered coacervation in the presence of low
concentrations of enzyme activates the dormant reaction via concentration into the
coacervate reaction centre. Taken together, our results demonstrate a pH activated
enzymatic activation in a chemically responsive synthetic cell. We also highlight a
plausible functional role of phase separation, demonstrating that a bottom-up approach
can offer fundamental insights into our understanding of membraneless organelles in
biology.
Parts of this work have been published in: Celina Love, Jan Steinkühler, David T. Gonzales, Naresh
Yandrapalli, Tom Robinson, Rumiana Dimova, and T.-Y. Dora Tang. “Reversible pH-responsive coacervate
formation in lipid vesicles activates dormant enzymatic reactions”. Angew. Chem. Int. Ed., 2020, 59,
5950.
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4.1 Long-term stability of synthetic cells
With the establishment of a pH-responsive synthetic cell in Chapter 3, it was now
possible to functionalise the system with enzymatic reactions [16,20,102]. Liposomes
have previously been functionalised with the addition of cell free expression systems
[88, 141, 142], with enzyme cascades [143, 144], and even with actual biological
molecules [102,145]. The encapsulation of these functionalities has demonstrated that
fundamental cellular properties such as protein expression, cell to cell communication
and sensing can all be reconstituted into lipid vesicles. However, there have been few
studies of reactions in GUVs in combination with membraneless compartments.
It was initially important to investigate the stability of the synthetic cells, to check if they
were viable over a time period relevant to the enzymatic reaction of interest. Liposomes
were extremely sensitive to differences in osmolarity and burst when inner and outer
solutions were not well matched. However, when the internal and external solutions
were well balanced, the liposomes where stable over days (Fig. 4.1). Deformities
in the structure were sometimes observed when imaging chambers were not well
sealed and buffer evaporated. This resulted in increasing osmolarity of the external
buffer compared to the internal buffer solution. This led to water diffusing out of the
GUVs, reducing membrane tension and resulting in the membrane wrapping around
coacervates which begin to bud out of the liposomes. This effect has been previously
observed for ATPS in GUVs [132].
A B
Figure 4.1: Stability of hybrid synthetic cells. A. GUVs at pH 9 containing CM-Dextran/PLys coacer-
vates 24 hours after undergoing a pH-switch from 11 to 9. Scale bar = 10 µm B. A close up of a budding
coacervate is shown in the right hand panel. Scale bar = 10 µm. Adapted from Love et al. [121].
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Usefully, GUVs that were collected after formation and not used for experiments stayed
stable for months and could be later used for pH-switch experiments. These results
show that the synthetic cells are stable enough to be used as platforms for enzymatic
reactions.
4.2 Coacervation increases local enzyme
concentration
It has been previously shown that coacervate microdroplets will partition and concen-
trate a range of substrates and molecules [60,62,64,106]. It was therefore reasonable
to ask if coacervate formation could manipulate enzymatic reactions via the concen-
tration of reactants into the coacervate droplet, much like what has previously been
described for RNA catalysis in aqueous two phase systems [73].
For this work, a formate dehydrogenase (FDH) enzyme assay was utilised (see Materials
section 2.1.3). In this assay the enzyme oxidises formate to carbon dioxide, with the
concatenate reduction of NAD+ to NADH [146]. FDH has been shown to function at a
wide pH range (6-10) [147,148], making it an optimal candidate for the pH-controlled
encapsulation process. The fluorescence of the product NADH also enables the easy
tracking of enzyme kinetics.
In initial studies, the effect of in situ coacervate formation in liposomes on the localisa-
tion of the FDH was observed. To this end, the enzyme was labelled with a FITC tag
(Methods section 2.2.4) and then co-encapsulated in lipid vesicles at 0.1 U/mL with
CM-Dextran/PLys coacervate polymers at pH 11, as described in Chapter 3. However,
the FITC-PLys coacervate label was not included. After washing of the outer solution
with pH 11 glucose buffer (Buffer Table 1.4), fluorescence from the enzyme was dis-
tributed homogeneously within the GUVs, showing that the enzyme was diffuse after
encapsulation (Fig. 4.2A).
Coacervation was then triggered with a reduction in pH to 9. Here, a change in
distribution of enzyme was observed. The homogeneous distribution throughout the
interior of the vesicle changed to a heterogeneous distribution with an area of bright
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Figure 4.2: FDH is concentrated into coacervate droplets in GUVs. Confocal cross-sections of 0.1
U/mL of FITC-tagged formate dehydrogenase and their corresponding intensity profiles. A. At pH 11
FDH is diffuse in the GUV. B. At pH 9, upon coacervation of CM-Dextran/PLys within the GUV FDH is
sequestered and concentrated into the coacervate droplet. Scale bar = 5 µm. Adapted from Love et
al. [121].
intensity associated with the coacervate microdroplet and a low fluorescence intensity
present in the aqueous media surrounding the coacervate (Fig. 4.2B). The enzyme
was therefore concentrated into the coacervate droplet due to positive interactions
within the coacervate phase. These results are in agreement with the high partitioning
coefficient of approximately 9 or 6 for formate dehydrogenase in CM-Dex/PDDA or
PLys/ATP coacervates measured in Chapter 5. This demonstrates that pH-triggered
coacervation in GUVs can spatially localise and concentrate client molecules such as
enzymes.
Having established that pH-triggered coacervation in GUVs can be used to encapsulate
and concentrate FDH, we could move on to encapsulating the whole enzyme assay.
However, it was first necessary to understand how pH affected the activity of FDH.
Therefore, the activity of the enzyme was assessed at 0.1 U/mL with 0.45 mM of β -NAD+
and 5 mM of sodium formate at pH 7.3, 9 and 11 in buffer using a spectrophotometer
(Methods section 2.2.9).
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Results showed that formate dehydrogenase is active at pH 9, but inactive at pH 11
(Fig. 4.4A). Enzymes would therefore function only at the pH of the encapsulated
coacervates.
With this in mind, lipid vesicles were formed with encapsulated PLys, ATP, the enzyme
formate dehydrogenase (0.1/mL), the substrate formate (5 Mm) and the cofactor,
β -NAD+ (0.45 mM). The FITC-PLys coacervate label was not included. Coacervation
was then triggered and the activity of the enzyme observed after 24 h. Confocal cross-
sections showed that fluorescence from the product NADH was distributed throughout
the GUV with a higher concentration located within the coacervate microdroplet
(Fig. 4.4B). Importantly, this proved that the enzyme remained active after the encap-
sulation process and that the product NADH was also concentrated into the coacervate
droplet.
Taken together, these results demonstrate the successful activation of a hybrid synthetic
cell with the addition of the formate dehydrogenase enzyme reaction. However, is it
possible to further utilise the partitioning properties of the encapsulated coacervates to
engineer a functional property for the synthetic cell?
Figure 4.3: FDH is active after encapsulation. A. Activity of 0.1 U/mL of formate dehydrogenase with
0.45 mM of β-NAD+ and 5 mM of sodium formate in HEPES/sucrose (5 mM/ 200 mM) buffer at pH
7.3, 9 and 11 measured on a well plate reader. Activity was observed by measuring NADH fluorescence
over time. The results show that the enzyme is active at pH 9 and 7.3 and inactive at pH 11. Data shows
mean and standard deviation from three repeat experiments. B. FDH and reactants were encapsulated
in GUVs. Confocal cross-sections of GUVs at pH 11 showed no NADH after 24 h, while at pH 9 activity
of the enzyme was confirmed with the observation of NADH fluoresence (green). Scale bar = 10 µm.
Adapted from Love et al. [121].
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4.3 pH-triggered activation of low concentration
enzymatic reactions
Understanding that the coacervates partition the enzyme FDH, it seemed possible that
this property could be exploited as a means to activate low concentrations of an enzyme
reaction by increasing its local concentration. The hybrid synthetic cell with the in
situ coacervation provided the ideal platform for these investigations, as the enzyme
reaction and coacervate components could all be encapsulated together at defined
concentration in a defined volume. Activation of the reaction could then be directly
assessed by any increase in NADH fluorescence within the GUVs.
As a first step, the concentration of enzyme where no activity was observed needed to
be established. This was defined as the concentration at which no NADH was observed
after 24 hours when encapsulated in GUVs with 0.45 mM of β-NAD+ and 5 mM of
sodium formate without coacervates. To this end, the NADH production within lipid
vesicles was observed in the absence of coacervate with decreasing concentrations
of FDH (0.1, 0.05 and 0.005 U/mL). End-point measurements showed that at the
lowest enzyme concentrations, 0.005 U/mL there was no NADH production after 24 h,
whereas NADH was observed at FDH concentrations 0.1, 0.05 U/mL (Fig. 4.4).
A concentration of 0.005 U/mL FDH was therefore defined as used as a threshold
for activity of the reaction. How would a coacervate affect the activity of this low
concentration enzyme? We hypothesised, that the in situ coacervate formation in GUVs
would activate the reaction, due to the local increase in enzyme that would take place
when the enzyme is sequestered into the coacervate (Fig. 4.5A). To test this hypothesis,
two populations of liposomes were formed. One population contained 0.005 U/mL of
FDH with the substrates sodium formate (5 mM) and β -NAD+ (0.45 mM) in buffer and
the second population contained the same concentrations of enzyme and substrates
but with the addition of PLys and ATP coacervate forming components. Comparing
enzyme activity in these two populations of liposomes, the effect of in situ coacervate
formation on the FDH reaction could be established.
Following the established methodology, the two populations of vesicles were prepared
and coacervation triggered with a shift to pH 9. GUVs were imaged at t = 0 and
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after 24 h to observe for NADH production. In populations of liposomes without
the coacervate polymers, no coacervate compartment was formed and no NADH
fluorescence was observed after 24 h (Fig. 4.5B), as had already been seen in Fig. 4.4.
However, NADH fluorescence was clearly observed in liposomes with an encapsulated
coacervate droplet (Fig. 4.5C). The possibility of enzyme leakage from the interior
of the lipid vesicle was ruled out with control leakage experiments of encapsulated
formate dehydrogenase. Data shown in Appendix Fig. 8.4. This data then supports
the hypothesis and suggests that pH-triggered coacervation within GUVs is capable of
triggering an enzymatic reaction by the concentration of materials into the coacervate
reaction centre.
Finally, to further confirm that coacervation was able to activate reactions, the dy-
namics of FDH with PLys/ATP coacervates were studied using a TECAN Spark 20 M
spectrometer. Using this technique, the production of NADH as a function of time was
observed in PLys/ATP coacervate dispersions and in buffer, at a formate dehydrogenase
concentration of 0.002 U/mL, sodium formate of 25 mM and β -NAD+ of 0.6 mM. Both
the buffer solution and the PLys/ATP dispersion were prepared at pH 11, incubated
Figure 4.4: There is no activity at low FDH concentrations. Confocal cross-sections of NADH flu-
orescence in GUVs encapsulating β-NAD+ (0.45 mM) and formate (5 mM) with decreasing formate
dehydrogenase concentrations (0.1, 0.05, 0.005 U/mL) after 24 hours of incubation at room temperature
and the corresponding intensity plots. Scale bar = 5 µm. NADH was produced at 0.1 U/mL and 0.05
U/mL but no appreciable NADH fluorescence was observed at 0.005 U/mL. All confocal images were
obtained at the same laser intensity and detector gain settings. Adapted from Love et al. [121].
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Figure 4.5: Activation of formate dehydrogenase by pH-triggered coacervation. A. Cartoon depict-
ing activation of an enzyme by in situ coacervation and molecular concentration into the membraneless
droplet, E represents enzyme, S: substrate and P: Product. Low concentration of enzyme means that the
reaction is too dilute and no activity is observed in buffer. In the presence of a coacervate the enzyme
and substrates are concentrated into the coacervate and the reaction is initiated. B. Confocal microscopy
images and corresponding line profiles after 24 hours of incubation at room temperature. No NADH
fluoresence was detected in GUVs with just buffer and the reaction (FDH enzyme at 0.005 U/mL, sodium
formate (5 mM) and β-NAD+ (0.45 mM)) at ph 9. C. GUVs containing the reaction and PLys/ ATP
coacervate showed an increase in NADH fluorescence within the coacervate droplet. Scale bar = 5 µm.
Adapted from Love et al. [121].
for 30 minutes and then switched to pH 9 to mimic the pH-switch methodology. The
pH of each system was adjusted with equivalent volumes of 1 M HCL. Results were
in agreement with the previous data and showed that the enzyme was activated and
NADH produced in the presence of PLys/ATP coacervate dispersions, but was inactive
in the buffer solution (Fig. 4.6). This confirms that the coacervate droplet indeed
activates the low concentration reaction, rather than just concentrating any NADH
produced from low level activity in the GUV without a coacervate.
Using both a hybrid synthetic cell and bulk measurements, results show that pH-
triggered coacervation within lipid vesicles can activate dormant enzymatic reactions
through the concentration of molecules into the coacervate reaction centre. These
findings therefore demonstrate a plausible functional property of phase separation for
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Figure 4.6: Activation of formate dehydrogenase by pH-triggered coacervation. Activity of 0.002
U/mL formate dehydrogenase in PLys/ATP (40 mM/ 10 mM) coacervate dispersions in the absence of
vesicles. The coacervate and enzyme dispersions were held at pH 11 for 30 mins before reducing to the
pH to 9. No activity was observed in buffer, but activity was observed when the reaction took place in
the coacervate dispersion. Adapted from Love et al. [121].
the activation of dormant chemical reaction with the input of a chemical signal. This
function has been hypothesised [33], but has not yet been clearly demonstrated in an
in vivo or in vitro context.
The controllable switch-like activation of reactions also opens up the possibility of
discreetly up and down regulating reactions in synthetic cells in response to stimuli.
This technology could prove useful in the field of drug delivery where the production of
an active compound could be initiated only at a location with a specific pH. Furthermore,
a future realisation of this system could be combined with a light activated proton such
as bacteriorhodopsin [21], or an artificial photosynthetic membrane, like that described
by Steinberg-Yfrach et al. [22]. This would mean that the system could generate its
own pH gradient in response to light, further expanding its potential capabilities and
applications.
4.4 Chapter conclusion
In this chapter, a hybrid synthetic cell has been used to study the interaction of the
enzyme formate dehydrogenase with phase separated compartments. After initially
demonstrating that the synthetic cells are stable over the course of more than 24 hours,
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the enzyme was successfully encapsulated into the liposomes. In situ coacervation led
to the concentration of the enzyme into the coacervate droplets after reducing the pH
from 11 to 9, demonstrating spatiotemporal control of the enzymatic reaction using a
pH-switch.
The FDH remained active in the liposomes after encapsulation at 0.1 U/mL. However,
it was established that when encapsulated at low concentrations of 0.005 U/mL no
activity of the enzyme was observed. Monopolising on the partitioning capabilities of
coacervate droplets, it was then shown that the sequestration properties can activate the
low concentration reaction in GUVs. Using this simple technique, we have shown for
the first time that the in situ formation of a membraneless coacervate can concentrate
and trigger a "dormant" enzymatic reaction. The coacervate here acts like a reaction
centre, increasing the local concentration and shifting the assay into an active regime.
As discussed in the introduction, compartmentalisation within the cytoplasm enables
cells to spatiotemporally control and regulate their biochemical reactions. It has been
hypothesised that phase separation can be used by cells as a facile route to concentrate
molecules and activate reactions in cells. However, to our knowledge, this has not been
demonstrated experimentally. This work therefore can be seen as a proof of principle
experiment, demonstrating the possibility of this role for membraneless organelles. In
future work, it would be of interest to combine this technique with the in situ formation
of protein based condensates such as FUS [47] and Sup35 [39], that have already been
shown to transition from a condensed to dissolved state in response to pH changes.
If droplets also activated reactions in the same way it would further strengthen the
activation hypothesis.
Overall, we have used a bottom-up synthetic biology approach to design and activate
a multi-compartment synthetic cell which is responsive to external stimuli. Such a
dynamic system will be of interest in the development of more complex synthetic
cells as we progress to the realisation of minimal cell systems. A major challenge
in the development of more complex synthetic systems is the dynamic regulation of
original reactions in one container. A pH activated compartment therefore provides
one possible solution to the dynamic regulation of reactions in synthetic cellular
systems. Furthermore, our data shows that minimal and dynamic in vitro models can
offer fundamental insights into our understanding of membraneless condensates in
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biology. In general, synthetic cells that mimic properties of cells provide powerful and
complimentary tools to understand fundamental chemical and physical properties of
cellularity.
We will now shift our focus from this dynamic pH-controlled system. In the next chapter,
we will instead look more closely at how the partitioning and diffusion of molecules




Diffusive exchange between phases
enhances reaction rates
The passive sequestration of molecules is a defining feature of membraneless droplets.
Sequestration has previously been shown to enhance reaction rates by locally increasing
the concentration of reactants. However, how the diffusive exchange of molecules across
the interface effects reaction rates in both the the surrounding aqueous phase as well as
in the droplet has not yet been explored. To address this question, microfluidic and bulk
systems were used to study reaction rates in both a coacervate and its supernatant. Data
showed that rates were enhanced in both the coacervate and supernatant phase when
open diffusion was possible. Here, the supernatant acts as a sink for the product NADH,
increasing its own rate and reducing the effects of product inhibition in the coacervate.
In conclusion, we show how a synthetic cell model can probe the interaction of phase
separated droplets and enzymatic reactions in a systematic manner. We demonstrate
a possible role of membraneless compartmentalisation in tuning reaction rates and
additionally highlight the importance of taking into account the partitioning of all
molecular species when designing synthetic systems with features of membraneless
compartmentalisation.
Parts of the work in this chapter have been accepted in: Thomas Beneyton*, Celina Love*, Mathias
Girault, T-Y Dora Tang and Jean-Christophe Baret “High-throughput synthesis and screening of functional
coacervates using microfluidics”. ChemSystemsChem. DOI: 10.1002/syst.202000022
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5.1 A coacervate-in-emulsion droplet synthetic cell
to study enzyme kinetics
The ability to passively sequester molecules is a defining feature of coacervates and
other phase separated droplets. Their open boundaries enable molecules to diffuse
between phases, coupling the droplets to their external medium. As disscussed in
the introduction (Section 1.3.1), molecules will diffuse into and out of droplets if
the chemical potentials in each phase change. For example by introducing a new
chemical species or by changing the concentration of a species due to a chemical
reaction. Diffusion of a species into or out of the coacervates will equalise the chemical
potentials and establish equilibrium [65]. Thus, if a chemical reaction proceeds within
a phase separated system, there is a constant diffusive flux of molecules into and out of
droplets. This works to constantly maintain equal chemical potentials of both phases
while the concentrations of reactants and products change over time.
Understanding how a phase separated droplet is coupled with its external aqueous
surroundings via the diffusive ezchange of molecules is important if we are to appreciate
how the dynamics of a reaction change upon phase separation. This will be neccessary
if we are to design minimal cells with features of membraneless compartmentalistion.
The interaction of membraneless droplets with enzymatic reactions is also important
with regard to membraneless organelles in biology, where out of equilibrium chemical
reactions take place [65]. However, these properties can be complicated to de-convolute
in an in vivo context and few in vitro models have been proposed to answer these
questions. A synthetic system that recapitulates features of membraneless droplets
coupled to an aqueous external phase would therefore provide a useful platform for
fundamental studies in a reduced complexity environment.
To this end, we set out to develop a synthetic cell for the study of enzyme dynamics when
an aqueous environment is coupled to a coacervate droplet. Combining our coacervate
expertise with the microfluidic expertise in Bordeaux we developed a system for the
microfluidic production of coacervates in emulsion droplets. Schematic of microfluidics
chip shown in the Appendix Fig. 8.6. Once encapsulated, coacervates condensed
together into a single droplet in a finite aqueous supernatant, like that which was
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Figure 5.1: Cartoon of coacervates in emulsion droplets compared to droplet dispersions. Using
microfluidics, coacervates are encapsulated in a water-in-oil emulsion droplet. Coacervates coalesce
together to form single droplets in a finite volume. Interaction of a single droplet with its surrounding
aqueous environment is then observed. This is not possible in coacervate droplet dispersions, as all
droplets exchange material with the shared aqueous environment.
observed for the pH controlled synthetic cells in Chapters 3 and 4. This provided
an ideal model for studying kinetics as the interaction of a single droplet with its
surrounding could be observed. Kinetics could also be measured in the coacervate
and supernatant separately. The high monodispersity of the microfluidics meant it was
possible to measure coacervate and supernatant of well defined volumes in thousands
of droplets. In contrast, observations in bulk dispersions were unable to uncouple the
dynamics within a single droplet as shown in Fig. 5.1.
However, for us to untangle the effect of diffusive fluxes, a system with no diffusive
exchange of material between phases was also needed. In this way, results could
be compared and identification of what differences with diffusive exchange could
be identified. A comparative bulk system with no diffusive exchange was therefore
established.
5.2 Enzyme kinetic measurements in coupled and
uncoupled phases
To enable us to measure the effects of diffusive exchange on an enzyme reaction we
rationally designed two synthetic model systems. A "coupled" system was defined
as the coacervate-in-emulsion droplet where molecules could diffuse between both
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Figure 5.2: Enzymatic reactions with and without diffusive exchange. Cartoon depicting the cou-
pled coacervate-in-emulsion droplet synthetic cell produced using microfluidics and the uncoupled bulk
coacervate and bulk supernatant.
phases. An "uncoupled" system was defined as bulk volumes of either the coacervate
or supernatant phase (Fig. 5.2). Here, reactions could be observed in phases where no
diffusive exchange of materials was possible. Bulk coacervate and bulk supernatant
phase were prepared from large volumes of coacervate droplet dispersions described
in the Methods section 2.2.2 and 2.2.9.3. Formate dehydrogenase (FDH) was once
again used as the enzymatic assay of interest, with the fluorescence of the product
NADH tracked to quantify the dynamics of the reaction using a Spark TECAN 20 M
spectrophotometer (see Materials section 2.2.9).
5.2.1 FDH activity in uncoupled coacervate and supernatant
phases
Prior to the comparison of activity in a coupled and uncoupled system we first assessed
the activity of the formate dehydrogenase (FDH) reaction in the coacervate and super-
natant environments. For this, we utilised the uncoupled system where no exchange
or partitioning occurs and prepared bulk coacervate and supernatant phases in 60 mM
sodium phosphate buffer at pH 7 (Methods section 2.2.2). Reactants were then pipetted
into each phase then vortexed to mix, FDH at 0.1 U/mL and NAD+ at 0.6 mM. Sodium
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formate was in excess at 18.5 mM in the CM-Dextran/PDDA phases and 26.5 mM
in the PLys/ATP phase. A single exponential growth curve was fitted to the mean
and standard deviation of three repeat experiments (Fig. 5.3A, C) and initial rates as
explained in Methods section 2.2.9. Residuals of the fit were small indicating single
exponential function was a suitable description of the data (see Appendix Fig.8.6).
Figure 5.3: FDH activity in uncoupled supernatant and coacervate phases. A. Data of FDH activity
in the bulk uncoupled CM-Dex/PDDA and supernatant phases. Concentrations were 0.1 U/mL of FDH
and 0.6 mM of NAD+ and 18.5 mM of sodium formate. Data shows the mean and standard deviation of
3 experiments. A single exponential function was fitted to the data. B. Initial rates of the reaction in each
phase calculated from the single exponential fit. The initial rate of reaction was faster in CM-Dex/PDDA
compared to supernatant. Error bars show 95% confidence intervals. C. Data of the same reaction in
PLys/ATP coacervate phase and supernatant. Concentrations were 0.1 U/mL of FDH, 0.6 mM of NAD+
and 26.5 mM of sodium formate. The initial rate of reaction was faster for the PLys/ATP compared to
supernatant phase.
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Interestingly, results showed that FDH was active in all phases but the initial reaction
rates were faster in the coacervate compared to the supernatant. For the CM-Dex/PDDA
system, initial rates were 1.6x faster in the coacervate 0.009 ± 0.0004 mM/min)
compared to the supernatant (0.0056 ± 0.0003 mM/min) (Fig. 5.3B). While in
the PLys/ATP system, initial rates were 2.4x faster in the coacervate (0.0164 ±
0.0006 mM/min) compared to the supernatant (0.0067± 0.0004 mM/min) (Fig. 5.3D).
These results imply that when the reaction takes place in the coacervate phase, there
is an enhancement of rate due to the nature of the physiochemical environment of
the coacervate phase itself. This observation will be further discussed in Chapter 6
where rate constants of the reaction calculated with the Michaelis-Menten kinetics are
investigated.
Having established the baseline activity of FDH, it was now possible to test of the
activity of FDH in the coupled and uncoupled systems. However, in order to directly
compare the reaction rates in each system, the initial concentrations of reactants in
each phase needed to be the same. We therefore needed to determine the partition
coefficients of reactants in the coupled system, so that the initial concentrations of
reactants after partitioning on encapsulation could be calculated.
5.2.2 Calculation of partition coefficients using microfluidics
and bulk methods
Partition coefficients of formate dehydrogenase (FDH) and NADH in the coupled system
were determined by Thomas Benyeton. NADH rather than NAD+ was used in this case
because NAD+ was not detectable with fluorescence, with the assumption that the
partitioning of the two molecules would not vary greatly. Here, the molecule of interest
was encapsulated along with the coacervate components in the emulsion droplet and
incubated for 4 hours at 4 °C to allow for equilibration. Fluorescence in the coacervate
and supernatant phase was then measured in thousands of emulsion droplets. Four
different concentrations were tested and the partition coefficient determined from
the gradient of a linear fit of the fluorescence intensity inside the coacervate droplet
against the fluorescence intensity in the supernatant. The partitioning in two coacervate
systems was measured, CM-Dex/PDDA and PLys/ATP at a 4:1 molar ratio, chosen
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due to their different chemical components. Surface electrostatic properties are also
different as CM-Dex/PDDA possessed a negative surface charge due to the excess
of negative polymer, while PLys/ATP has a positive surface charge. These different
chemistries should lead to different partition coefficients in each coacervate. Results
are shown in Table 5.1.
Table 5.1: Equilibrium partition constants of FITC tagged FDH and NADH into CM-Dex/PDDA and




As expected, FDH and NADH partitioned differently in the two coacervate systems.
FDH (tagged with FITC dye for detection, see Methods section 2.2.4) partitioned
more strongly into CM-Dex/PDDA coacervates. FDH with a pI of 6, is negatively
charged under these conditions. However the enzyme partitioned more strongly into
the CM-Dex/PDDA coacervates which have a negative surface charge. Therefore
other favourable interactions between the coacervate matrix asnd the 74 kDa enzyme
must account for sequestration. The CM-Dex/PDDA coacervate matrix may also be
more accessible to the enzyme than the PLys/ATP. In Chapter 6, Fig. 6.5 shows that
the internal matrix of CM-Dex/PDDA coacervates diffuses and recovers faster than
PLys/ATP therefore this more dynamic structure may make it easier for the enzyme to
be sequestered. The effect of the FITC tag can also not be ruled out, as FITC partitions
more strongly into CM-Dex/PDDA coacervates with a coefficient of 4.6, compared to
the PLys/ATP coacervates with a coefficient of 2.5.
Electrostatics accounted for the partitioning of the negatively charged 0.7 kDa NADH,
which partitioned more strongly into positively charged PLys/ATP coacervates. These
results suggest that the partitioning of NADH is dominated by its electrostatic proper-
ties. Due to the larger more complex nature of FDH, deconvoluting the dominating
interactions is more complex. Partition coefficients of sodium formate could not be
measured due to its lack of fluorescence. The molecule was therefore used in excess, so
that the reaction in both the coacervate and the supernatant would remain saturated
despite partitioning of the molecule.
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To confirm that the partitioning of NADH could indeed be used as a substitute for
NAD+ and to in general confirm the accuracy of the microfluidics method, partitioning
was measured using absorbance in bulk with a 1 cm cuvette (Method section 2.2.8).
Data of the mean and standard deviation of 3 repeats is shown in Table 5.2. Partition
coefficients of NAD+ and NADH were similar, but NADH was slightly higher (3.13
± 0.39 vs 2.22 ± 0.23). NADH is a double charged anion while NAD+ is a singly
charged anion, so while their structures are very similar it may be that NADH interacts
more strongly with the positively charged PDDA accounting for the slightly higher
partitioning. Importantly, the partition coefficients acquired from bulk and microfluidic
methods were the same within the error of the experiments, thereby confirming the
viability of the partition coefficients measured with the microfluidic technique. The
partition coefficient for the FDH was also then taken from the microfluidic technique.
Table 5.2: Partition coefficients of NAD+ and NADH measured using absorbance. Data shows the mean
and standard deviation of three repeats.
CM-Dex/PDDA
Bulk Microfluidics
NAD+ 2.22 ± 0.23 —
NADH 3.13 ± 0.39 2.5 ± 0.2
5.3 Diffusive exchange between phases increases
reaction rates
Having now established the partition coefficients, initial concentrations of FDH and
NAD+ in the coacervate and supernatant within the coupled synthetic cell could be
calculated. From encapsulated concentrations of 0.1 U/mL of FDH and 0.6 mM of
NAD+, initial concentrations in each phase were calculated and the results are shown
in Table 5.3. Due to the partitioning in the coacervate droplets, the concentration of
FDH and NAD+ increased in the coacervate and decreased in the supernatant. Using
these concentrations within the uncoupled system, activity could then be compared
to the coupled system (Fig. 5.4A). The comparison of these results then enabled the
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detection of effects that stem from the diffusive exchange of molecules rather than
differences in reactant.
Table 5.3: Initial concentrations of FDH and NAD+ in CM-Dex/PDDA and PLys/ATP coacervates in the
coupled coacervate system.
CD/PDDA PLys/ATP
Initial Coacervate Supernatant Coacervate Supernatant
FDH (U/mL) 0.1 0.45 0.05 0.22 0.04
NAD+ (mM) 0.6 0.5 0.36 1.47 0.23
Data was recorded in the coupled system for starting concentrations of 0.1 U/mL FDH
and 0.6 mM NAD+. The uncoupled bulk system was then prepared to mimic this
experiment with final concentrations in each phase shown in Table 5.3. Details of
this method are outlined in Methods section 2.2.9.3. Experiments were performed
in triplicate and a single exponential was fitted to the mean NADH concentration to
calculate the initial rate in each phase which was then compared between the two
systems (Fig. 5.4B, C). Residuals of fits showed some bias but were small, indicating
that a single exponential was suitable to use within the context of this work (Appendix
Fig. 8.7).
Results suggest that when the two phases were coupled, the initial rates in both the
coacervate droplet and the surrounding supernatant increased, when compared to
the uncoupled system. Fig. 5.4B shows data for the CM-Dex/PDDA system, where
the initial rate was 3.0x faster in the coacervate phase (0.091 ± 0.022 vs. 0.031
± 0.0003 mM/min, errors show 95% confidence intervals) and 5.2x faster in the
supernatant phase (0.026 ± 0.024 vs 0.005 ± 0.0002 mM/min). PLys/ATP coacervates
(Fig. 5.4C) showed the same trend but with more pronounced differences. Initial rates
were 5.7x faster in the coacervate phase (0.119 ± 0.003 vs 0.021 ± 0.0006 mM/min)
and 6.4x faster in the supernatant phase (0.016 ± 0.001 vs 0.0025 ± 0.0001 mM/min).
Starting concentrations of reactants were considered equal in each system, therefore
the only difference is that the coacervate phase is either coupled the aqueous phase or
not. This suggests that the coupling of the two phases via an open interface facilitates
and increases the reaction rate. The increased rates in the coupled system therefore
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Figure 5.4: FDH rates increase in coupled vs. uncoupled systems. A. Cartoon of the coupled and
uncoupled coacervate system where reactions took place. B. Graph showing the NADH fluorescence over
time in CM-Dex/PDDA phases in the uncoupled and coupled systems at concentrations. Concentrations
in each phase are shown in Table 5.3 . A single exponential growth curve was fitted to the data. Initial
rates were calculated from the fit and the results are shown in the bar charts, where the results in
each phase are compared between the uncoupled and coupled systems. The initial rate increase in the
coacervate and supernatant when in the coupled system. Error bars show 95% confidence intervals.
C. Same experimental set up as in B for the kinetics in PLys/ATP coacervates. The initial rates again
increased in both phases when coupled together.
seems to be a direct consequence of the flux of molecules caused by the reaction driven
concentration change.
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As the reaction proceeds, substrates will flow in and products out of the coacervate to
equilibrate the chemical potentials. Due to the higher concentration of reactants in the
coacervate, the product NADH will be produced at a much higher rate in the coacervate
droplet. The apparent rate increase in the supernatant phase can therefore be explained
by NADH partitioning out of the coacervate into the supernatant. The aqueous external
supernatant thereby acts as a "sink" removing NADH out of the coacervate and leading
to a higher apparent rate when compared to the uncoupled system.
The increase of rate in the coacervate was however not straight forward to account for.
This result was therefore confirmed by comparing the effects of diffusive exchange on a
larger macro scale. Thus, a coupled system using bulk CM-Dex/PDDA coacervate phase
was set up. Using a small volume quartz cuvette, 50 µL of CM-Dex/PDDA coacervate
phase with the reaction was pipetted in so that volume of the measurement window
was completely full with bulk coacervate. Reactant concentrations as defined in Table
5.3 were included in the bulk phase. The experiment was repeated, with the addition
of a supernatant layer (Fig. 5.5A). A volume of 1450 µL of supernatant was added
to mimic the 1:29 volume ratio of coacervate to supernatant used in the microfluidic
experiment.
Each experiment was carried out in triplicate and a single exponential function fitted
to the data (Fig. 5.5B). Results showed that the production of NADH was faster in
the coacervate phase with a layer of supernatant (0.026 ± 0.0025 mM/min) than in
coacervate phase alone (0.015 ± 0.0024 mM/min). Initial rates with the presence of
the supernatant layer increased the rate of reaction in the CM-Dex/PDDA phase by
1.7x (Fig. 5.5C). It is possible that while the supernatant phase acts as a "sink" into
which the products are transferred, it also acts as a "source" of NAD+ which can be
continuously replenished. This could therefore shift the equilibrium of the reaction,
driving the faster production of NADH. Furthermore, the expulsion of NADH into the
supernatant would also act to drive the equilibrium of the reaction forward, increasing
the rate of product production. It is known that NADH binds FDH and inhibits the
reaction, therefore removal of NADH reduces its inhibitory effects. The volume of the
supernatant may then play an important role here, as the larger the supernatant volume
the more the NADH would have to partition out to equalise the chemical potentials
and stabilise the partition coefficient. Therefore a higher volume of supernatant may
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Figure 5.5: Coupling with a supernatant layer increases rates in coacervate phase. A. Cartoon
depicting the two conditions. Bulk CM-Dex/PDDA coacervate phase where no partitioning is possible
and bulk CD/PDDA with a supernatant layer. The reactants and products can then diffuse between the
two phases. B. Graph showing the production of NADH in the CM-Dex/PDDA phase with and without
the supernatant. A single exponential function was fitted to the data. Error bars show the standard
deviation of three experiments. C. Bar chart of means and 95% confidence intervals for the initial rates
of reaction in each condition. The rate was 1.7x greater in the presence of supernatant.
enhance the reaction even further, or vice versa. Experiments exploring this would be
an interesting further direction.
The smaller increase in rate in the bulk of 1.7x compared to 3.0x in the microfluidic
system may be attributed to the difference in surface area to volume ratio of the
coacervate phase. In the microfluidic system, where the coacervate exists as a spherical
droplet, the surface area to volume ratio is much larger than for that of the flat surface
in the bulk experiment. The transfer of materials across the interface can consequently
occur across a larger surface, enhancing the effects of the diffusive exchange. This
hypothesis could be tested in the future with the microfluidic set up, where the volume
of the coacervate can easily be altered by changing the concentration of the pre-
encapsulated coacervate polymers. The system could then be tuned to have the same
volume ratio at a larger coacervate size, where the surface area to volume ratio would
decrease.
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Taken together this data implies that the diffusion between the phases has a positive
effect on the rate of the FDH reaction, most likely due to the surrounding aqueous
phase acting as a sink for the product NADH. These results highlight the importance of
the partitioning of all components of a reaction when trying to understand the influence
that a membraneless compartment would have on the activity of an enzymatic reaction.
5.4 Chapter summary and outlook
At equilibrium, the concentration of a molecular species inside and outside of a coacer-
vate is maintained to equalise the chemical potentials. This ratio of concentrations in
and outside the compartment is defined by the partition coefficient K for that species.
Molecules are able to diffuse between phases, but concentrations in each phase are
maintained. However, in the presence of enzymatic reactions, concentrations of re-
actants and products will change over time. This leads to a diffusive exchange of
molecules between phases down a chemical potential gradient that works to maintain
the partition coefficient.
It has been hypothesised that synthetic cells can be used as simple bioreactors for the
production of useful medical or industrial compounds in simplistic environments [31].
A prerequisite of the goals is the functionalisation of synthetic cells with chemical or
enzymatic reactions. An understanding of enzyme dynamics within synthetic cells with
features of membraneless compartmentalisation is therefore vital for their future use.
Moreover, cells contain a multitude of phase separated organelles which interact with
numerous biochemical reactions in the cytoplasm. It is therefore important to begin
to understand how these organelles influence enzymatic reactions if we are to more
deeply understand their function.
In this chapter, we have used a coacervate-based synthetic cell system to test how
enzyme dynamics are influenced by the presence of membraneless compartments,
specifically probing the role of diffusive fluxes. Two synthetic systems were utilised:
a coacervate-in-emulsion droplet synthetic cell as an example for a membraneless
compartment with diffusive exchange of material, and bulk coacervate and supernatant
phases as examples of systems where the diffusive exchange of materials does not
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occur. These were defined as coupled and uncoupled systems. Reaction rates were
compared between systems, so that changes due to the diffusive flux of materials could
be identified.
Using formate dehydrogenase (FDH) as a standard enzyme assay, activity was initially
compared in the uncoupled bulk coacervate and supernatant phases for CM-Dex/PDDA
and PLys/ATP, when the reactants were at equal concentration. Results showed that
enzyme activity was 1.6x faster in the bulk CM-Dex/PDDA coacervate compared to the
supernatant, and 2.4x faster in the bulk PLys/ATP coacervate phase compared to the
supernatant. This suggests that the physicochemical properties of the coacervate bulk
phase facilitates the reaction more than the supernatant. We will further explore this
effect in Chapter 6 when we look at the Michaelis-Menten kinetics in coacervate phase.
Having established a base line for kinetics, rates of reaction in the coupled and uncou-
pled system were compared. Partition coefficients of the enzyme and reactants were
measured, so that equivalent starting concentrations could be added to the uncoupled
system. Results showed that when coupled, rates increased in the surrounding aqueous
supernatant and the coacervate phase. Starting concentrations of reactants were con-
sidered equal in each system, therefore differences came from the diffusive exchange
of reactants or products. The apparent rate increase in the supernatant of 5.2x for
CM-Dex/PDDA and 6.4x PLys/ATP could be explained by the NADH partitioning out of
the coacervate into the supernatant. The enzyme is here either 9.2x or 5.9x more con-
centrated in coacervates compared to supernatant, therefore the NADH that partitions
has a significant effect on the apparent rate in the supernatant. Rates increased by 3x
in the CM-Dex/PDDA coacervate and 5.7x in the PLys/ATP. As NADH is known to cause
product inhibition, it was hypothesised that the partitioning out of NADH reduces the
concentration in the coacervate, thereby reducing the effects of product inhibition.
Moreover, the removal of NADH from the coacervate would shift the equilibrium of
the reaction in the direction of product formation increasing rates. Variations in the
magnitude of rate increase in the CM-Dex/PDDA and PLys/ATP coacervates is most
likely due to the difference in the partition coefficients in each coacervate system. The
different physiochemical properties of the coacervates may also alter the influence of
product inhibition of the enzyme. This would be an interesting direction for future
work.
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Alterations in reaction rates may be an effect experienced by all enzyme systems in
the presence of membraneless compartments. In this specific example the coacervate
enhanced the activity of the reaction, but it could also be imagined that the opposite
effect is possible. If the reaction was autocatalytic, for example certain realisations
of the PEN DNA toolbox [149], the removal of product would hamper the activity.
Multi-step enzyme reactions may also be inhibited, as intermediate concentrations
would decrease. However, in these cases the reaction in the supernatant may still be
enhanced, while the one in the coacervate is inhibited. Coacervate compartments could
therefore be used to up or down regulate reactions, a useful feature for the generation
of responsive synthetic cells. In general, more studies with enzymatic reactions of
different properties are required to establish the variety of roles coacervates can have
in tuning reaction rates.
As membraneless compartmentalisation has now been shown to be a widespread
cellular property, it seems appropriate to ask if cells utilise membraneless organelles to
tune the reaction rates of biochemical processes. With partitioning of molecules coming
at no energy cost, membraneless organelles could provide an efficient way to tune
dynamics. Or do these effects in fact inhibit certain cellular processes and cells have
a way of actively regulating the partitioning of molecules? These open questions are
of interest if we are to understand the specific functions of membraneless organelles.
Though these experiments need to be addressed in an in vivo context, the experiments
presented in this chapter provide complementary methods with which we can begin to
approach these questions in a controllable, low complexity environment.
In the next chapter we will take a closer look at how coacervates can alter enzyme




Enzyme kinetics in the coacervate
environment
Complex coacervates have been widely studied as model systems for membraneless
protocells and more recently as models for membraneless organelles in cells. The
action of enzymes in protocells and membraneless organelles is vital for their function.
However, to date there have been few studies looking specifically at the behaviours of
enzymes in the crowded and heterogeneous coacervate environment. To address this,
we undertook classic Michaelis-Menten assays on the enzymes formate dehydrogenase
(FDH) and β -galactosidase (β -gal) in buffer and in bulk coacervate phase formed from
CM-Dex/PDDA polymers. Using these assays, the rate constants of the enzymes in the
two environments were systematically investigated. Results showed, that in coacervates,
FDH’s KM and Vmax increase compared to buffer while they remain unchanged for β -gal.
Furthermore, the structure of coacervate droplets investigated using FRAP data showed
that there is a correlation between the diffusivity of the coacervate scaffold and client
molecules. Overall this study shows that membraneless droplets can alter the rate
constants of reactions, illustrating a possible way in which protocells or membraneless
organelles could regulate reactions.
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6.1 Biochemical reactions inside membraneless
compartments
Cells use compartmentalisation as a means of organising their biochemistry. It is now
understood that cells employ membraneless organelles as a method of accomplishing
this organisation. Though they lack a membrane, these organelles provide distinct and
separate micro-environments from their surrounding aqueous media. Furthermore,
their distinctive composition provides alternative chemical environments compared
to their surrounding nucleoplasm or cytoplasm. Nott et. al previously discussed the
idea that cells may use variable chemical environments to their advantage, making
an analogy with organic chemists who screen multiple solvent environments to find
optimal conditions for their reactions [42]. Membraneless compartments have also
been implicated as important protocell models that could accumulate and regulate
basic biochemical reaction before the evolution of membrane bound structures [15,62].
With the development of more synthetic cells and protocells with the novel properties
imparted by membraneless compartmentalisation, it is necessary that we further our
understanding of how the environment of these droplets influences enzyme kinetics.
With this information, it will be easier to engineer synthetic cells in a controllable and
predictable manner, to develop ideas of basic metabolism in membraneless protocells
and enable us to begin to probe whether the environments of membraneless organelles
are optimised for biochemical reactions.
Complex coacervates have been implicated as possibe protocell models and have
been likened to membraneless organelles due to their similar properties. Complex
coacervates are easily and reliably formed in the lab, therefore providing ideal model
structures for the investigation into how liquid compartments change enzyme kinetics.
The accumulation of macromolecules means that complex coacervates are crowded
compartments which are often more hydrophobic compared to the surrounding (see
Introduction section 1.3.1) [63]. Enzyme dynamics have been studied in crowded
environments and it has been shown that the kinetics of some enzymes are altered
due to: slowed diffusion, preferential stabilisation of compact conformations or of
transition states [109,111,150]. On the other hand, some enzymes show no changes
with crowding [151]. Few studies have investigated reactions in complex coacervates,
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Figure 6.1: Coacervate dispersions compared to bulk coacervate phase. Left. In coacervate droplet
dispersions two phases coexist, a coacervate phase (dark blue droplets) in equilibrium with a supernatant
phase (light blue). Molecules can partition and diffuse between phases according to their partition
coefficients, making it hard to decouple kinetic changes due to the environment from concentration
differences in each phase. Right. Bulk coacervate phase (dark blue tube) is prepared by centrifuging
approximately 40 mL of a coacervate dispersion and removing the supernatant as explained in Methods
Section 2.2.2. If experiments are carried out in bulk coacervate phase, no partitioning can occur as
there is only one phase. The kinetics of an enzyme E as it produces product P can then be measured in a
coacervate environment and compared to that in a buffer environment (grey tube) to identify differences
in kinetics caused by the different environments.
where a high concentration of charged species are also present in the compartment. It
is therefore not yet clear what effect the coacervate environment would have on the
energy landscape of enzymatic reactions.
Therefore, to further our understanding, investigations into how the crowded and
heterogeneous complex coacervate environment changes enzyme kinetics were carried
out. For these experiments, the partitioning of molecules that come from a coupled
two phase droplet/supernatant system was excluded and bulk coacervate and buffer
environments were used (Fig. 6.1). This was the same as the uncoupled system
described in Chapter 5. The method for bulk coacervate production is outlined in
the Methods section 2.2.2. Limiting the systems to one phase enabled the probing of
kinetic changes from the coacervate environment rather than any kinetic differences
caused by the local concentration of reactants and products. The coacervate phase can
therefore be viewed as an alternative solvent. These experiments are possible with this
synthetic coacervate system because large quantities of bulk coacervate phase can be
produced (500 µL), which is not easily achievable with in vitro droplets produced from
purified proteins.
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6.2 Comparison of Michaelis-Menten kinetics in
coacervate and buffer
To quantify enzyme dynamics in each phase, Michaelis-Menten kinetic parameters were
determined. Experiments were carried out as outlined in Methods section 2.2.10. In
short, the enzyme concentration was kept constant while the concentration of a single
substrate was varied. Progress curves were recorded for each substrate concentration
and initial rates were then determined from linear fits of the initial section. The
Michaelis-Menten equation, Eq. 1.3, was then fitted to the initial rate data. Please see
Introduction section 1.6.3 for more details on kinetics.
Formate dehydrogenase was again chosen as an enzyme assay of study, to continue
to build on our understanding of its interactions with coacervate droplets. However,
studying only one enzyme gives a limited picture on the influence of the coacervate
phase on enzymes. Therefore an enzyme reaction with a very different mechanism of
function, β -galactosidase, was also selected. The kinetics of reaction are easily tracked
by the production of the fluorescent product FITC (see Materials section 2.1.3).
6.2.1 Michaelis-Menten of formate dehydrogenase
Formate dehydrogenase (FDH) is a 74 kDa homodimer that catalyses the oxidation of
a formate molecule to carbon dioxide, with the simultaneous reduction of the cofactor
NAD+ to NADH (see Materials section 2.1.3). For this assay, the Michaelis-Menten
parameters of the formate were determined while holding the NAD+ constant. The
concentration of formate was varied in each phase and kinetics were recorded using
a TECAN spark 20 M spectrophotometer. Each condition was repeated three times
(Methods section 2.2.9). In buffer, the concentration of formate was varied between
0.5 and 40 mM (Fig. 6.2A) while in the CM-Dex/PDDA between 0.5 and 160 mM (Fig.
6.2B). A higher concentration of formate was required to complete the full Michaelis-
Menten curve in the coacervate environment, already implying that there was a change
in the kinetics.
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Initial rates were calculated from linear fits of the first 25 time points (1.30 min). The
Michaelis-Menten model, Eq. 1.3, was fitted to the data of the initial rates against
formate concentration in each phase (Fig. 6.2C), as explained in Methods section
2.2.10. From these fits, it is apparent that there has been a significant change in the
shape of the curves, thus implying a change in enzyme dynamics. From these fits,
the Vmax and KM were extracted and compared (Fig. 6.2D). Both Michaelis-Menten
parameters increased in the CM-Dextran/PDDA phase compared to buffer: Vmax by 1.9x
(8.7 ± 0.8 vs. 4.6 ± 0.3 mM/min) and KM by 10.3x (37.2 ± 8.9 vs. 3.6 ± 1.0 mM). All
errors show 95% confidence intervals of the fit. Normalising for enzyme concentration,
the turnover rate or kcat in the buffer was 107 ± 7 s−1 and, in the CM-Dex/PDDA,
57 ± 10 s−1.
This data suggests that two things have occurred to the enzyme in the coacervate
environment: 1) A larger KM suggests that the affinity of the formate for the enzyme is
reduced, as a higher concentration is needed to achieve half of the maximum rate. 2)
A larger Vmax implies that the energy landscape of the enzyme has been altered so that
the catalytic step can occur at a faster maximum rate when the enzyme is saturated
with reactants.
The reduction in affinity could be explained by the negatively charged formate molecule
interacting with the positive PDDA. Transient interactions between the formate and the
PDDA may reduce the likelihood of the formate and enzyme colliding as these interac-
tions would slow the random diffusion of the formate in the coacervate environment.
Indeed, the more viscous environment of the coacervate likely slows the diffusion of
all reactants increasing the time taken for the formate, the NAD+ and enzyme to all
meet in space. The coacervate phase therefore reduces the affinity of the formate
compared to buffer, where diffusion is unhindered and no multivalent polymers are
present to interact with the formate. Similar results were observed by Yewdall et al.,
where the KM of the substrate Amplex Red increased by 57% in Q-Am/M-Am (amylose
modified with a quaternary amine/ amylose modified with a carboxymethylgroup)
coacervates [120]. Here, the increase in KM was also explained by interactions of the
Amplex Red with the coacervate matrix.
A faster maximum rate may be caused by conformational change of the enzyme in
the crowded coacervate environment. For example, a compaction of the enzyme
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Figure 6.2: Michaelis-Menten assay of formate dehydrogenase in buffer and CM-Dex/PDDA
bulkphase. A. Timecourse profiles NADH production with FDH at 0.05 U/mL and NAD+ at 0.6 mM with
varying concentrations of sodium formate in 60 mM sodium formate buffer. Plots show the mean and
standard deviation of 3 experiments. B. Timecourse profiles of NADH with FDH at 0.05 U/mL and NAD+
at 0.6 mM with varying concentrations of sodium formate in 60 mM sodium formate in CM-Dex/PDDA
bulk phase. Plots show the mean and standard deviation of 3 experiments. C. Michaelis-Menten plots
and fits of FDH in buffer (grey) and in CD/PDDA coacervate phase (green). D. Bar chart showing the
Vmax and KM in each phase from the Michaelis-Menten fits. Error bars show 95% confidence intervals.
Both parameters increase in the coacervate phase.
due to the crowded environemt could lower the activation energy of the reaction
or stabilise the transition state, leading to a faster maximum tunrover. Interestingly,
although an increase in both Vmax and KM is not commonly observed in enzyme
kinetics, it has previously been linked to the presence of crowders on certain enzymatic
reactions [111,152]. Wilcox et al. in particular showed that the effects of crowding are
directly related to the rate limiting step (RLS) of the enzyme. Specifically, in the case
of a yeast alcohol dehydrogenase where hydride transfer is the RLS, they observed an
increase in Vmax upon addition of crowders. This was explained by the stabilisation and
compaction of the enzyme by the crowders, which increased hydride transfer efficiency.
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This has been observed for other hydride limited dehydrogenases [118] and would
explain the results observed here. Thus the changes in kinetic parameters are most likely
due to volume exclusion within the macromolecularly crowded coacervate, compacting
and stabilising the transition state of the enzyme increasing Vmax . Moreover, direct
interactions of formate with the coacervates matrix increase the KM in the coacervate.
An intriguing result of an increase in both Vmax and KM is that the CM-Dex/PDDA
coacervate phase both inhibits and enhances the reaction as a factor of substrate
concentration. At low concentrations of formate, the coacervate phase inhibits the
reaction, while at higher concentrations it enhances the reaction as shown in Fig. 6.2C.
Indeed, the specificity constant of the reaction (measure of the second-order rate
constant at low KM), Kcat/KM , showed that catalytic efficiency of the enzyme was in
fact 5x greater in buffer (15.8 ± 6.3 s−1mM−1) than in the CM-Dex/PDDA coacervate
environment buffer (2.9 ± 1.0 s−1mM−1). Nonetheless, the data suggests that at high
formate concentrations above 40 mM, the reaction rate was increasingly enhanced in
the coacervate.
This implies that the coacervate compartments could act as a form of switch, positively
enhancing a reaction above a certain substrate concentration and vice versa. Coacervtes
could therefore be used in synthetic systems to up regulate or down regulate reactions
in a switch like manner, a property that has been explored with synthetic gene switches
[153]. These properties could provide basic regulation over reaction encapsulated
within synthetic cells that could be activated with the formation or dissolution of a
coacervates. Positive and negative feedback loops are important functions in biology
and regulate processes such as the cell cycle and homeostasis [154]. It is therefore
tentatively speculated that membraneless organelles in cells could be involved in
enhancing and regulating biochemical feedback loops.
For future work, it is of interest to look more closely at the structure of the FDH enzyme
in both environments, to identify any structural changes that occur. CD spectroscopy has
already been used to identify structural changes of proteins in coacervate phase [155]
and would give direct information on the secondary structure of the enzyme in buffer
and coacervate. Differences in structure would help to further explain changes in
kinetic activity. Furthermore, Arrhenius experiments looking into the activation energy
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of the reaction in each phase would show if the energy of a transition state is reduced
in the coacervate phase.
6.2.2 Michaelis-Menten of β-galactosidase
To explore how the coacervate environment influenced the kinetics of enzymes and
substrates with different properties, the kinetics of the enzyme β -galactosidase were
also studied. β -galactosidase is a 464-kDa homotetramer that catalyses the hydrolysis
of glycosidic bonds. Here, the enzyme catalysed the cleavage of fluorescein di-β-D-
galactopyranoside (FDG) first to fluorescein monogalactoside (FMG) and then to highly
fluorescent fluorescein (see Materials section 2.1.3).
In buffer concentrations of FDG were varied between 0.5 and 160 µM (Fig. 6.3A),
while in the CM-Dex/PDDA coacervate phase, they were varied between 10 and 77 µM
(Fig. 6.3B). The maximum concentration of FDG used in the coacervate was limited
due to limited solubility of the FDG. Therefore, higher concentrations could only be
achieved by adding a larger volume of the FDG compared to other samples, thereby
adding too much water to the coacervate bulk phase. If too much water was added to
the bulk phase, the solution turned cloudy indicating the formation of droplets rather
than a continuous phase.
Initial rates were acquired from the kinetic curves from the gradient of a linear fit
to the initial 25 time points (6.25 min). The Michaelis-Menten model, Eq. 1.3, was
fitted to the initial rates at different FDG concentrations in buffer and in coacervate
phase (Fig. 6.3C). From the data, it can be seen that for β -galactosidase the results in
each phase showed less significant differences than for FDH, apparent from the very
similar shape of the curves. Vmax and KM did not show significant differences within
error (Fig. 6.3D). Vmax in buffer was 1.1 ± 0.1 µM/min and increased slightly in CM-
Dex/PDDA to 1.4 ± 0.4 µM/min. The KM in buffer was 78.7 ± 24.5 µM and decreased
in CM-Dex/PDDA to 54.3 ± 31.0 µM. Normalising for the enzyme concentration, the
turnover rate kcat of the enzyme was 0.34 ± 0.03 s−1 in buffer and 0.43 ± 0.12 s−1 in
CM-Dex/PDDA phase. These small changes show that the enzyme was not significantly
altered by the physicochemistry of the coacervate phase.
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Both the substrates and products of the β -galactosidase reaction are uncharged, there-
fore less likely to interact strongly with the coacervate polymers. This may explain the
less significant changes in kinetics observed compared to FDH, as the FDG does not
interact with the coacervate so the dynamics do not diverge significantly from those in
buffer. In this sytem, the coacervate may act as a non-interacting crowder. For many
enzymes, it has already been established that crowding can either have no significant
impact on their kinetic parameters, or can reduce the value of KM slightly [107,151].
This is often attributed to increased effective concentrations due to the excluded vol-
ume effect [109,119,156,157]. Due to the lack of interaction between the coacervate
Figure 6.3: Michaelis-Menten of β-galactosidase in buffer and CM-Dex/PDDA bulkphase. A. Time-
course profiles FITC production with β -galactosidase at 3.3 U/mL with varying concentrations of FDG
buffer. Plots show the mean and standard deviation of 3 experiments. B. Timecourse profiles FITC
production with β-galactosidase at 3.3 U/mL with varying concentrations of FDG in CM-Dex/PDDA
bulk phase. Plots show the mean and standard deviation of 3 experiments C. Michaelis-Menten plots
and fits in buffer (grey) and in CD/PDDA coacervate phase. D. Bar chart showing the Vmax and KM in
each phase from the Michaelis-Menten fits. Error bars show 95% confidence intervals. Vmax increases
slightly in the coacervate phase while KM is slightly reduced.
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and the reactants, β -galactosidase may belong to this group of enzymes that show no
significant changes in dynamics in crowded conditions.
Taken together, our results show that the coacervate environment can have a significant
effect on enzyme dynamics, or no effect. Overall, this highlights that due to the different
chemistries of enzymes and reactants different effects are observed. Currently, our
understanding of kinetics is based on system by system studies as it is challenging to to
predict the exact outcome. More data is required from different enzymatic reactions
before we can begin to define rules of interactions. However, from this study we
hypothesise that reactions with charged reactants or products, such as the FDH, are
more likely to show significantly altered kinetics in coacervates, due to interactions
with the coacervates matrix.
6.3 The coacervate environment alleviates product
inhibition
The kinetics of FDH are significantly altered in the CM-Dex/PDDA coacervate envi-
ronment. This may be due to interactions of the negative NAD+ with the positive
coacervate polymers PDDA. However, because the product NADH is also charged it is
possible that the coacervate environment also influences product inhibition caused by
the NADH.
In the literature, it is well described that NADH can competitively inhibit NAD+ and non-
competitively inhibit formate [146,158,159]. Electrostatics are extremely important
for substrate binding to the enzyme and the positive charge on the nicotinamide ring
of the NAD+ actually prevents it from easily binding to the active site. However, once
reduced to NADH, the charge on the ring is neutralised and it can more easily position
itself in the active site pocket. The better binding of NADH is thus a common feature
for many FDHs.
To test if the coacervate environment effects product inhibition, reaction rates were
measured in the bulk CM-Dex/PDDA and buffer with increasing concentrations of
NADH added to the initial reaction mix, at concentrations from 0 - 600 µM. The
concentration of reactants was kept constant (0.1 U/mL FDH, 25 mM sodium formate
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Figure 6.4: Product inhibition in buffer and in CM-Dex/PDDA phase. A. Initial rates of FDH at 0.1
U/mL, 25 mM sodium formate and 0.6 mM NAD+ with increasing concentrations of premixed NADH.
Rates decay faster in buffer than in the CM-Dex/PDDA phase. B. Bar charts of the decay constants
calculated from a single exponential fit of the data in A. Error bars show 95% confidence intervals of the
fit.
and 0.6 mM NAD+) to enable the comparison of the same conditions in each phase.
The additional production of NADH with time was then recorded and initial rates
calculated from linear fit to the first 25 time points (1.30 min).
Data of initial rates against NADH concentration in CM-Dex/PDDA and buffer (Fig. 6.4A)
showed that the initial rates of reaction tended to decay faster in the buffer. Curves
were fitted to a single exponential decay of the from V (c) = V0 e−λc, where V (c) is the
initial rate at NADH concentration c, and V0 is the initial rate at NADH concentration
= 0 and λ is the decay constant, where larger decay constants mean faster decay rates.
The decay constant of the reaction with regard to NADH concentration was 2x greater
in buffer than in the CD/PDDA (11.9 ± 2 vs. 6.7 ± 2 µM−1) (Fig. 6.4B). This suggests
that the reaction was inhibited more by the presence of NADH when in an aqueous
buffer environment than when in the crowded CM-Dex/PDDA coacervate environment.
We hypothesise that the coacervate phase is alleviating product inhibition because
the NADH, which is negatively charged, interacts with the positively charged PDDA.
Interactions with the PDDA would limit the diffusion of the molecule, where it could
become stuck in the meshwork of the coacervate matrix. This would decrease the
affinity of the NADH for the enzyme, much in the same way as we observed for the
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substrate NAD+. It would be of interest in the future to carry out experiments to explore
the binding interaction of the NADH and NAD+ with the positively charged PDDA using
techniques such as microscale thermophoresis or ITC, to quantify the strength of the
hypothesised binding interactions.
When combined with the Michaelis-Menten data, these results show that even a simple
membraneless droplet such as the CM-Dex/PDDA coacervate used here can have a
significant impact on the dynamics of an enzymatic reaction.
6.4 Diffusion in the coacervate matrix
With the knowledge that a coacervate environment can alter the dynamics of an en-
zyme reaction, we aimed at better understanding the physicochemical environment
of the coacervates themselves. Currently not enough is known about how the physic-
ochemical properties of coacervates alter enzyme reactions to determine trends in
outcomes. However, accurate predictions of outcomes would enable the rational design
of coacervate systems for future biotechnology, without having to test every system
individually.
Coacervates are more molecularly crowded then their surrounding media because of
the higher density of macromolecules in their interiors. This often leads to slower
diffusion of molecules within them which has also been linked to decreases in kinetic
activity [60,106]. An important property to characterise is therefore the diffusivity of
client molecules in the coacervates, as well as the diffusivity of the internal coacervate
scaffolds themselves.
To this end, fluorescence recovery after photobleaching (FRAP) experiments were
carried out on 4 different coacervate systems: two have previously been discussed
in this work, PLys/ATP and CM-Dex/PDDA, and two new systems PDDA/ATP and
CM-Dex/PLys. For FRAP experiments, coacervate droplet dispersions were used rather
than bulk coacervate phase. Initially, recovery of the small client molecule FITC in the
coacervate droplets was measured. Experiments were carried out on a spinning disk
confocal and raw data was normalised using a standard double normalisation against
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the whole droplet and a non bleached reference (see Materials and Methods section
2.2.7 for details).
FRAP data showed that after bleaching of the FITC, the normalised fluorescence in
all coacervates recovered to 100% (Fig. 6.5A). This was expected for the coacervate
droplets that are liquid in nature with no stationary components. Interestingly, all
systems except the fastest PDDA/ATP were best described by a double exponential
recovery curve rather than a single. This implies that these coacervates had fast and
slow modes of diffusion. This may be from the presence of free FITC and FITC bound
to coacervate polymers as previously discussed in Chapter 3. The fact that PDDA/ATP
coacervates fit a single exponential suggests that only one non-interacting population
of FITC was present. In the future it would be interesting to test the interaction of FITC
with single coacervate components, for example with isothermal titration calorimetry,
to see if the interaction strengths with single polymers could cause the different modes
of diffusion.
All coacervates recovered quickly, with the fastest recovering within 1 second with a
diffusion constant of 6.1 ± 1.2 µm2/s (PDDA/ATP) and the slowest within 3 seconds
with a diffusion constant of 2.2 ± 0.1 µm2/s (PLys/ATP). The diffusion of CM-Dex/PLys
was 4.8 ± 1.1 µm2/s and CM-Dex/PDDA 4.2 ± 0.5 µm2/s. Data of the fast diffusion
coefficients were examined for statistical differences using a non parametric Wilcoxon
rank sum test. Interestingly, the diffusion of the FITC in the two CM-Dextran based
coacervates was not statistically different, implying that the internal environment is
dominated by the higher concentration CM-Dextran rather than its counter molecule
(Fig. 6.5B).
Having measured the diffusion of a client molecule, we then measured the diffusivity
of the scaffold coacervate polymers themselves. Normally, studies on coacervates
investigate the diffusion of partitioned client molecules [106,120], while studies on
membraneless organelles investigate the diffusivity of the droplet scaffolds [36,39].
Therefore, it was of interest to see if there is a correlation between the diffusivity of a
client molecule and that of the coacervate matrix itself. Coacervates are ideal systems
of which to ask this question, as they are reproducibly and controllably formed from
molecules with different chemistries, thus enabling us to probe the diffusion of one
client molecule in various internal coacervate environments.
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Figure 6.5: FRAP of clients and scaffolds in coacervate droplets. A. FRAP of FITC client molecules
at 10 µM in 4 different coacervate droplet systems. Images show the coacervate before bleaching, at the
bleach point, at 0.12 and at 0.16 s after bleaching. The differences in recovery speeds can be observed.
Graphs show the normalised mean FRAP curves fit to a double exponential curve with 95% confidence
intervals. Scale bar = 2 µm. B. Box plots of the fast component of the diffusion coefficients of the FITC
client in coacervates. C. Box plots of the fast component of the diffusion coefficients of the FITC-tagged
scaffolds in three of the coacervate systems.
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To correlate the diffusion of a client molecule with the diffusivity of the coacervate
structure, FRAP of the scaffold proteins was carried out. Scaffold motility was examined
by doping coacervates with 0.1 % v/v of FITC-tagged PLys or FITC-tagged CD. The
PDDA/ATP system could not be studied in the case due to the lack of a tagged scaffold.
Results were best described by a double exponential recovery and a summary of the
fast diffusion coefficients is shown in Fig. 6.5C. Unsurprisingly, the diffusion constants
in each system were slower than the FITC client counterpart. This is because the
long polymer chains have a larger molecular weight and more extended structure,
leading to a slower diffusivity than the small FITC molecule. Interestingly, the trend in
diffusivity between coacervates was the same as that for the FITC client. This implies
that the environment that the FITC molecule experiences is correlated to that of the
scaffold molecules. However, the diffusion of CM-Dex/PDDA was significantly less than
CM-Dex/PLys, compared to the diffusion measured with the FITC client which showed
no significant difference. This may be because FRAP of scaffolds provides direct data
about the interaction strengths between the two coacervate components, therefore the
measurement is more sensitive to the differences between the PDDA and the PLys.
In conclusion, this data shows that although coacervates are simple two-component
systems, changing the chemistry of just one of the scaffolds already leads to significant
changes in the diffusivity of the coacervate scaffolds and to that of small molecules
like FITC. The diffusion of a client molecule was correlated to that of the coacervate
droplet, implying that client molecules must experience the properties of the scaffold
molecules themselves. One explanation could be that in coacervate systems where
scafolds diffuse faster, coacervate polymers bind more weakly to one another so client
molecules can more readily displace and disrupt the transient interactions. This results
in a faster diffusion of the client through the coacervate matrix. Polymers may also
create a specific meshwork to a certain size through which the FITC can diffuse more
or less easily. Indeed, cryoEM of the yeast prion protein Sup35 showed a mesh like
internal structure [39]. It is however still not yet clear which of these hypotheses is
correct for coacervates, or if it is even a mixture of both. More FRAP data with different
client molecules of varying sizes would be needed to further explore these hypotheses.
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6.4.1 Coacervates have no internal structure
To study if FITC diffusion was limited by different coacervate polymer meshworks,
EM experiments were undertaken to more closely visualise the internal coacervate
matrix. Cryo EM of CM-Dex/PDDA coacervate droplets was acquired by Urska Repnik
from the EM facility of the MPI-CBG and a tomogram reconstructed (Fig. 6.6). The
reconstruction shows that the coacervate can be clearly seen and is more electron dense
than the surrounding and no internal structure could be observed.
Therefore, the coacervates are likely fully amorphous with no structured mesh-work.
This is in agreement with their rapid recovery after bleaching and 100% recovery.
Nonetheless, further experiments with the three remaining coacervate systems would
enable the observation of any differences within the standard coacervates. If it is
observed that all the coacervate systems have no meshwork, then it may indeed be that
the diffusion of client molecules is affected by the strength of the transient interactions
between the coacervate polyions. Going forward, it would be interesting to more
closely inspect the interaction strength of each coacervate pair, to see if this correlates
with the diffusion coefficients.
Figure 6.6: Cryo EM of CM-Dex/PDDA coacervates. CryoEM reconstructed tomogram of CM-
Dex/PDDA prepared at a 4:1 molar ratio in water to final concentrations of 1.6:0.4 mM. Coacervates are
more electron dense then the surrounding media, but no clear internal structure was observed. Scale




In this chapter we have looked in detail at the behaviour of enzymatic reactions in
the crowded and heterogeneous coacervate environment. Classical Michaelis-Menten
assays were employed to assess the dynamics of the enzymes formate dehydrogenase
(FDH) and β-galactosidase in both buffer and CM-Dex/PDDA bulk phase. As the
majority of enzyme reactions are transition state limited rather than diffusion limited,
their physicochemical environment can have significant effects on their kinetics. The
physicochemical environment in the coacervate phase is different to buffer, being highly
crowded and containing many charged molecules. Therefore, coacervates have the
potential to alter the kinetic rate constants of reactions, for example by interacting
with reactants or by stabilising transition states of the enzyme.
Here, we show that FDH, a reaction that utilises charged reactants and produces
charged products, experiences a greater change in Michaelis-Menten parameters for
the formate, with both Vmax and KM increasing by 2 fold and 10 fold, respectively.
On the other hand, no significant changes in the kinetics of β-galactosidase were
observed. We conclude that the charged nature of the NAD+ and formate increase
their interactions with the charged coacervate matrix. This in turn has the effect of
decreasing the affinity of each substrate for the enzyme, increasing the KM of the
formate. Furthermore, it was also shown that the coacervate phase decreases product
inhibition compared to buffer. The product NADH is charged, therefore interactions
with the coacervate matrix may well also explain this phenomena. To further study
these hypotheses, the Michaelis-Menten parameters for NAD+ should also be measured.
If this hypothesis is correct than the KM and Vmax should also both increase.
Previous studies have also shown that crowders can stabilise the transition step re-
quired for hydride transfer for dehydrogenases. This could explain the increase in
the maximum rate observed for the FDH. To test this, Arrhenius experiments should
be carried out to investigate if the activation energy of the reaction is different in
buffer and coacervate phase. If the coacervate stabilises the transition step then the
activation energy of the reaction will be lowered. Studies of enzyme structure with
circular dichroism spectroscopy or absorbency would also indicate any changes in the
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enzyme secondary structure in the coacervate phase, which may cause the increase in
maximum turnover rate.
We have therefore demonstrated that physicochemical properties of coacervates can
alter enzyme dynamics. However, we have simultaneously shown that this is not true for
all enzymatic reactions as no effect was observed for β -galactosidase. The chemistries
and mechanisms of the two reactions leads to different interactions experienced by each
reaction in a coacervate environment. More data is required with different enzyme
systems before universal rules can be formulated.
Nonetheless, it was demonstrated that the coacervate phase both enhanced and inhib-
ited FDH at specific substrate concentrations. Positively enhancing reactions above
40 mM of formate and inhibiting below. This switch like behaviour could be used
to regulate reactions in synthetic cells via the formation of coacervates. It could be
imagined that a coacervate sub-compartment is triggered to form by an external signal,
such as pH as discussed in Chapter 3 or by light [68]. This would then enhance or
inhibit an encapsulated reaction at a specific timepoint. In a population of synthetic
cells, this could even lead to a basic form of pattern formation if only a subset of the
population contains coacervates or subset is stimulated to coacervate. Furthermore,
basic positive feedback loops could be established, if the product of a reaction, e.g. ATP,
formed a coacervate with an encapsulated polymer such as polylysine. Coacervate for-
mation would then enhance the reaction producing more ATP and enhancing coacervate
growth. Recent theoretical work also demonstrated that cycles of growth and division
of coacervates was possible when maintained by chemically driven out of equilibrium
reactions [160]. Here, only when the properties of the droplet were suitable was this
behaviour observed. Understanding how the physicochemical environment effects
reactions will further our understanding of reactions in protocells and the conditions
required for division and growth. Overall, the ability to tune pre-encapsulated reactions
will enable a wider range of behaviours in synthetic cells.
As coacervates closely resemble membraneless compartments in biology, it may be pos-
sible that cells also use the physicochemical environment of membraneless organelles
to tune and regulate their biochemistry. The enzyme most altered by the coacervate
phase, FDH, utilises the cofactor NAD+, a molecule that is central to metabolism in
all living cells. It is therefore possible to hypothesise that membraneless organelles
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in cells may exist that function to tune parts of the metabolic pathway, on increase
or decreasing energy demand. Studying the Michaelis-Menten kinetics of enzymes
involved in metabolic processes such as glycolysis in coacervates would begin to answer
these questions and is thus an interesting avenue for future research.
Aiming to build up a picture of the material properties of coacervates, we further
investigated the internal coacervate structure. FRAP experiments of both client and
scaffolds showed that coacervate structures are extremely diffuse with fluorescence
recovering in 3 s or less. Diffusivity of client molecules was correlated to that of the
diffusivity of the coacervate scaffold, suggesting that client molecules in coacervates
are influenced by the interaction between the scaffold polymers. Clear differences in
the diffusivity of 4 coacervate systems was also observed, highlighting that different
environments with varied properties are obtained even with simple coacervates. Due to
the greater variety of chemistries available to cells it is therefore unsurprising that they
might utilise membraneless organelles to create environments with different physical
properties or even states of matter, to enable and optimise the functioning of the
cell [161,162].
In conclusion, this work has systematically shown that coacervates can tune and con-
trol enzyme dynamics due to the nature of their physicochemistry. Using an in vitro
coacervate system, we could begin to probe and understand which physicochemical
features of the coacervate and enzyme lead to certain outcomes. Understanding how
reactions function within phase separated droplets is key as we move towards building,
functionalising and controlling more complex biochemical pathways in synthetic cells.
Furthermore, the data acquired in vitro will guide our understanding of how mem-





Elucidating the complex inner workings of cells is a challenge that has kept scientists
busy for generations and is still ongoing. In recent years, there has been a growing effort
to flip this challenge on its head and gain new perspectives by building synthetic cells
and organelles from the bottom-up. This grand challenge has captured the imagination
of many, with its promise of unravelling the fundamental questions on cellularity using
a first principles approach [11]. Moreover, the bottom-up construction of cell-like
systems from simple molecular building blocks introduces the possibility for scientists
to re-engineer systems for novel and functional purposes.
Compartmentalisation, a key feature of cellularity, is also vital in the development
of multifunctional synthetic cells. To date, most synthetic cell models employed
membrane-bound compartments in their construction. Yet, cells utilise both membrane-
bound and membraneless compartmentalisation strategies to overcome the challenge
of organising their complex biochemical reactions in space and time. The development
of synthetic cells with features of membraneless compartmentalisation would therefore
provide another possible route for the organisation of separate reactions pathways or
modules in synthetic cells.
It has further been postulated that membraneless organelles formed via liquid-liquid
phase separation (LLPS) play a role in regulating biochemical processes in the cell [33,
54], yet very little is known about their interactions with enzymatic reactions. Rationally
designed synthetic cells with features of membraneless compartmentalisation would
therefore further provide biomimetic platforms with which to study membraneless
compartments in low complexity environments.
115
Chapter 7. Conclusions and outlook
To this end, motivated by the bottom-up synthetic biology approach, the work presented
in this thesis has designed and characterised novel synthetic cells with features of mem-
braneless compartmentalisation. Specifically, systems utilising complex coacervates as
synthetic models for membraneless compartments. Rationally designed systems were
then used to investigate the fundamental effects of membraneless compartmentalisa-
tion on enzymatic reactions. In vitro systems were constructed with giant unilamellar
vesicles or emulsion droplets to study dynamics in two phase multi-compartmental
environments, or in bulk coacervate phase to observe dynamics in single phase systems.
These different realisations of coacervate-based synthetic cell were then used to answer
4 questions, presented in 4 Chapters. These were:
1. Is it possible to build a synthetic cell with membrane-bound and membraneless
properties that respond to an external pH stimulus?
2. Can pH-triggered coacervation control enzymatic reactions?
3. How does diffusion between a coacervate and the surrounding aqueous phase
influence enzyme dynamics?
4. Does the crowded and heterogeneous coacervate environment alter the kinetics
of enzyme reactions?
Hybrid synthetic cells are formed using pH
Multi-compartmental organisation affords cells the possibility of dynamically tuning
kinetics: increasing or decreasing local concentrations on demand; separating in-
compatible molecules or spatially segregating reaction pathways with competing side
reactions. Therefore, I focused on the development of a novel multi-compartmental
hybrid synthetic cell with features of both membrane-bound and membraneless com-
partments. Previous work has shown the encapsulation of coacervates in vesicles using
microfluidics [25,74], however these systems did not reconstruct the responsiveness of
membraneless compartments to biologically relevant chemical triggers such as pH [39].
To this end, I successfully developed a method for the in situ formation of coacervates
in giant unilamellar vesicles (GUVs) using both bulk and microfluidic methods. By
manipulating the intrinsic pKa of cationic PLys, I generated a responsive system where
116
coacervates are encapsulated in a diffuse state and triggered to coacervate in response
to a reduction in environmental pH.
I have therefore demonstrated that pH can be used to form multi-compartmental
synthetic cells with features of membrane-bound and membraneless compartmen-
talisation. As discussed in the introduction, multi-functional synthetic cells capable
of multiple cellular properties such as metabolism, growth and division will require
sophisticated multi-compartmental structures to orchestrate simultaneously occurring
reactions. This novel method therefore builds on the tool box available to synthetic
biologists for the compartmentalisation of modular components without loss of func-
tion. Furthermore, the reversible compartmentalisation presented here introduces the
possibility of engineering synthetic cells with a sense-like function, with coacervation
only occurring in response to a stimulus, in this case, a pH decrease. The generality of
the pH method means that it is transferable to multiple coacervate systems. However,
future investigations into other routes to trigger reversible coacervation in GUVs, or a
fine tuning of the pH-switch would further increase the scope of this method.
Dynamic coacervation activates dormant reactions
After establishing a hybrid synthetic cell, I then moved on to functionalise the system
with the enzyme formate dehydrogenase (FDH). I show that the enzyme remains
active in the synthetic cell and can be locally concentrated into the coacervate sub-
compartment. By controlling the initial concentration of enzyme, I ultimately demon-
strate that pH-triggered coacervation can activate a dormant enzymatic reaction that
is pre-encapsulated in the GUV. This illustrates that coacervates can act as reaction
centres, concentrating molecules via sequestration and activating reactions that would
otherwise be too dilute to proceed. The activation of biochemical reactions via seques-
tration has been hypothesised for membraneless organelle in cells, but this is the first
time that an in vitro system has demonstrated the plausibility of the function. This
highlights the strengths of the rational design of minimal and dynamic in vitro models
to answer fundamental questions about compartmentalisation in biology.
Taken together, I prove that a pH-triggered coacervation can cause the onset of an
enzyme reaction in a GUV, thus demonstrating a new tool for the temporal control of
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reactions in synthetic cells. As a next step, one could imagine the encapsulation of mul-
tiple coacervate systems with different pH-triggers, that activate multiple orthogonal
encapsulated reactions. Indeed, a similar switch has recently been demonstrated, set
at a different more acidic pH [163].
It would also be of interest to develop a system that is inhibited upon coacervation, for
example with the sequestration of a substrate while the enzyme stays in the aqueous
supernatant, or vice versa. This would open up the possibility of using pH mediated
coacervation to up or down regulate reactions, extending the range of behaviours
possible in synthetic cells. For example, it has been demonstrated that protein droplets
will exclude double stranded DNA [42]. Coacervation could therefore be used to
control DNA replication if replication enzymes are sequestered but the DNA is not.
Diffusive exchange increases reaction rates
It has been proposed that synthetic cells could be used as simple bioreactors for the
production of useful compounds [31]. Therefore an understanding of how dynamics
are effected by membraneless compartments will be important if they are to be utilised
in combination with enzymatic reactions. Membraneless compartments are directly
coupled to their surrounding environment and constantly exchange material via diffu-
sion. Compartments can uptake molecules from their environment and expel molecules
that are produced via reactions. However, there have been no studies looking at how
this coupling may effect reactions taking place in both phases.
To explore the dynamics of enzymes with membraneless compartments, I utilised
synthetic cellular models based on coacervates encapsulated within emulsion droplets
formed using microfluidics. This enabled the systematic study of the enzyme, formate
dehydrogenase, in a single coacervate droplet coupled to its surrounding aqueous
supernatant. A comparative system based on bulk supernatant or bulk coacervate was
used to represent equivalent reactions taking place in isolation.
Data showed that rates of product formation increase in both phases when the coacer-
vate and supernatant are coupled. I conclude that this is caused by the expulsion of
the product NADH into the surrounding aqueous phase to maintain the equilibrium
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partition coefficient. This leads to an apparent rate increase in the supernatant whilst
simultaneously reducing the negative effects of product inhibition in the coacervate
droplet.
Overall, these results demonstrate a functionalised synthetic cell that is capable of
enhancing reaction rates in the coacervate reaction centre and its surrounding envi-
ronment through the diffusive exchange of molecules. I show that it is important to
consider the influence of membraneless compartments on all species of a reaction
to fully understand the effects on reaction dynamics. Accurate characterisation of
partition coefficients will therefore be beneficial for any systems that utilise mem-
braneless compartments. While work has only considered simple enzymatic reactions,
this principle remains important for more complex multi-component reaction systems
such as cell free gene expression that have previously been combined with coacervate
droplets [164]. Characterising the partition coefficients of key enzymes and substrates
used in these reactions will help us to understand their dynamics in coacervates.
As membraneless compartments appear throughout biology, it is also relevant to ask if
the partitioning of molecules is utilised by cells. A particularly interesting system to
consider is the nucleolus, a membraneless organelle responsible for ribosome biogenesis
[35], whose structure consists of three co-existing liquid layers separated by differences
in protein surface tension. The multi-layered structure has been likened to that of an
assembly line for rRNA processing [36], but is the transfer of components through
each phase directed by the partitioning coefficients of molecules in each phase or is
it actively controlled? Recent work by Tiemei Lu et al. described the synthesis of
multiphase complex coacervate droplets [165]. The investigation of reaction systems
taking place within multi-compartmental coacervates using the approach described
here would be an interesting future direction to explore these questions.
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The coacervate environment tunes kinetics
Complex coacervates have unique crowded and heterogenous environments com-
pared to their surrounding aqueous phase and this holds true for membraneless or-
ganelles [36,63,162]. It is possible that the internal environment is optimised to either
enhance or inhibit the kinetics specific reactions to facilitate their function [42,54].
There is however currently too little known about reaction kinetics change within a
membraneless compartment.
To systematically study enzyme kinetics in the coacervate environment, I developed
an assay based on classical Michaelis-Menten assays for the determination of kinetic
constants in buffer and in a bulk coacervate phase composed of CM-Dex/PDDA. I
show that both Vmax and KM for the formate dehydrogenase (FDH) reaction increase
in the coacervate environment, while no significant differences were observed for
β-galactosidase. Reactants and products of the FDH reaction are charged while β-
galactosidase are not. I therefore hypothesise that reactions which utilise charged
molecules which interact with the coacervate matrix are more likely to experience
greater shifts in reaction constants. Previous studies have also shown that crowding
facilitates the rate limiting hydride transfer of the reaction [111], which would also
explain the increase in maximal rate.
To better characterise coacervate properties, FRAP experiments were carried out. Anal-
ysis of the diffusion of the small client molecules FITC in 4 different coacervate droplets
showed that even in simple coacervates, significant differences in diffusivity are ob-
served. Furthermore, client diffusion was correlated to the diffusion of the scaffolds,
highlighting that client molecules are directly effected by the diffusivity of the scaffold
polymers themselves. This emphasises the importance of understanding how physical
properties link to changes in dynamics as they can have significant impact on the
diffusion of small molecules which may inhibit reactions.
In conclusion, I have demonstrated that coacervates indeed have the capabilities
to tune and modify enzyme dynamics as a result of their unique physicochemical
properties. The composition of membraneless organelles in cells is more complex,
with physicochemical characteristics encoded by the amino acid composition of their
proteins. A larger range of chemistries and interaction partners are therefore available.
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A wider and subtler range of tuning capabilities may therefore be possible within
cells. Going forward, it would be important to identify enzymes/organelle pairs to
test in an in vitro context. Furthermore, more data should be acquired with enzyme
systems with different charges, sizes and mechanisms to improve our understanding
of coacervate/enzyme interactions. This would allow us to begin to make predictions
on how the physicochemical properties of coacervates effect enzyme dynamics, which
in turn would allow us to build and control more complex biochemical pathways in
synthetic cells with features of membraneless compartmentalisation.
Coacervate-based synthetic cells are versatile tools
for studying membraneless compartmentalisation
In conclusion, the work presented in this thesis has used a bottom-up approach to
establish responsive, tunable and enzymatically active synthetic cellular systems using
complex coacervates. Using rationally designed synthetic cells, I have shown that:
1. Hybrid synthetic cells with membrane-bound and membraneless characteristics
can be formed using a pH-switch.
2. pH-triggered coacervation can activate dormant reactions in synthetic cells.
3. Diffusive exchange across phase boundaries increases reaction rates.
4. The coacervate environment can significantly alter the kinetics of enzymes that
utilize charged molecules.
I have established new tools for the future development of synthetic cell-like systems,
as well as contributing to our understanding of how the dynamics of enzymes change
on encapsulation in membraneless compartments. As more complex functionalities
and modularities are added into synthetic cells, compartmentalisation will be key. An
understanding of how dynamics change on encapsulation will aid in the engineering
of multi-functional systems without loss of functions, maybe even with emergent
properties.
I have also demonstrated the functionality and versatility of coacervate-based synthetic
cells as models for studying the phenomena of membraneless compartmentalisation
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in biology. Their ease of use and biomimetic properties make them the perfect tools
for controllable in vitro studies. Though simple in comparison to their biological
counterparts, coacervate-based synthetic cells have enabled us to carry out studies not
possible in an in vivo setting. This approach has enabled us to test hypotheses about
the roles of membraneless organelles, taking us a step closer to unravelling their true
functions in biology.
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Microfluidic production of GUVs with pH-responsive
coacervates
Giant vesicles were produced using a microfluidic chip design with two consecutive
cross-junctions in a flow-focusing configuration that generates w/o/w double emulsion
droplets. This design was fabricated in the Robinson Lab using standard lithography
methodologies. Briefly, PDMS and curing agent (Sylgard 184, Dow Corning) were
mixed in a 9:1 ratio, degassed for 30 min and poured on top of the silicon wafer to a
height of 5 mm in a Petri dish. The PDMS was further degassed for 10 min and cured
in an oven at 90 ◦C for 3 h, after which the PDMS was left to cool to room temperature
and peeled from the wafer. Inlets were generated by punching holes using a 1 mm
biopsy puncher (Kai Europe GmbH) and then bonded to glass slides which had been
cleaned with ethanol and water. For successful bonding, both the glass coverslips and
PDMS slices were treated with an air plasma at 0.6 bar for a period of one minute
(PDC-002-CE, Harrick Plasma). Microfluidic chips were kept on a hot plate at 60 ◦C
for 2h to complete the bonding process before further use. All channels were 50 µm
in height. The outer solution channels of the microfluidic chip were hydrophilized by
flushing the channels with an oxidizing solution, 3:1 mix of 30 wt.% H2O2 and 37
wt.% HCl for 5 mins and then treating the channels with 5 vol.% PDADMAC and 2
vol.% poly(sodium 4-styrenesulfonate) for 2 mins with water washes in between.
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Figure 8.1: Coacervates can bend GUV membranes. Confocal cross-sections of a GUV composed
of 100% POPC lipids (magenta) interacting with PDDA/ATP coacervates (cyan) which were added
externally to the GUV dispersion. Coacervates cause the membrane to bend. Scale bar = 20 µm.
Figure 8.2: Size characterisation of CM-Dex/PLys hybrid syntheic cells. Size characterization of
CM-Dextran/PLys coacervates formed in GUVs. Ai. Histogram showing the quantified diameters of the
CM-Dex/PLys coacervates and their encapsulating GUVs. Mean coacervate diameter 1.70 ± 1.14 µm,
mean vesicle diameter 8.06 ± 4.12 µm, n> 450. Aii. Scatter plot of coacervate diameters plotted against
vesicle diameters. Data shows a correlation between the size of the GUV and that of the encapsulated
coacervate. Linear fit to the data gave similar R2 values of 0.8 compared to other experiments in Chapter
3. Adapted from Love et al. [121].
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Figure 8.3: Hyprid syntheyic cells produced using microfluidics. 3 ROIs showing populations of
GUVs produced using microfluidics as explained in Chapter 3. Scale bar = 100 µm. Adapted from Love
et al. [121].
Figure 8.4: FDH leakage experiment GUVs. Control experiment showing that FITC tagged formate
dehydrogenase remains encapsulated within the vesicles after 24 hrs. A. Confocal microscopy images
of FITC tagged formate dehydrogenase (0.1 U/mL) encapsulated within in POPC/cholesterol GUVs at
pH 9 at t=0 h B. Images of the same vesicle population after 24 hours. C. Mean fluorescence intensity
of the FITC tagged formate dehydrogenase within the GUVs at t= 0 and t = 24 h. The data shows no
decrease in fluorescence intensity over 24 h. Error bars indicate the standard deviation from at least 20
vesicles. Adapted from Love et al. [121].
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Figure 8.5: Schematic of microfluidic set up for coacervate in emulsion droplets prepared in
Chapter 5. Emulsion droplets were prepared by co-flowing 3 solutions; polycation - PLys (0.83 - 240
mM) or PDDA (0.83 – 500 mM); polyanion - CM-Dex (5 – 500 mM) or ATP (0.75 – 60 mM) in MiliQ
water at 50-150 µL/h with fluorinated oil (Novec7500, 3M) containing 3 wt% of (PPE-PEG-PFPE)
surfactant at 650 µL/h. Scale bar = 50 µm. Chip design and data acquisition was carried out by Thomas
Beneyton.
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Figure 8.6: Residuals for fits of the FDH reaction at defined concentration Residuals from expo-
nential fits in Chapter 5, Fig.5.3. Data is for the formate dehydrogenase assay in CM-Dex/PDDA and
PLys/ATP coacervate bulk phases and supernatant.
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Figure 8.7: Residuals for fits of FDH reaction at partitioned concentrations in coacervate and
supernatant Residuals from exponential fits in Chapter 5, Fig.5.4 of the formate dehydrogenase assay
at partitioned concentrations.Data was collected in uncoupled CM-Dex/PDDA and PLys/ATP coacervate
bulk phases, as well as in coupled phases using microfluidics.
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